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1. INTRODUCTION 

A t  the  e a r t h ' s  mean d i s t ance  from t h e  sun,  the s o l a r  f l u x  i n  

space i s  130 wa t t s / sq .  f t . ,  and as the  sun i s  approached, t h i s  

va lue  i n c r e a s e s  a s  the inverse  o f  t he  square  o f  t he  d i s t a n c e  from 

the  sun. 

t h i s  energy f o r  propuls ion  and power f o r  space  miss ions  i n  the s o l a r  

system. 

d i r e c t l y  i n t o  h e a t ,  then u t i l i z e  the  h e a t  i n  energy convers ion  

devices .  This s tudy cons iders  the  case o f  the conversion of  s o l a r  

energy i n t o  h e a t ,  t hen  u t i l i z i n g  t h i s  h e a t  f o r  e l ec t r i c  power genera-  

t i o n  and p ropu l s ion  by means o f  a hybr id  engine .  

The re fo re ,  i t  i s  n a t u r a l  t o  examine ways of  u t i l i z i n g  

. .  =Tie 05 the promising apprcxcks  is t= cEyJP,rt  sc?l,ar P,rlP,rov 01 

The gene ra l  problem a r e a s  which m u s t  be  coped w i t h  i n  such a 

hybrid engine  des ign  arise as a consequence of  thermodynamic, 

v e h i c l e  i n t e g r a  t i o n ,  geometric,  and space environmental  cons ide ra -  

t i o n s .  Thermodynamic considera  t i o n s  a r e  such t h a t  t o  ach ieve  h i g h  

e f f i c i e n c i e s ,  the  system m u s t  be  opera ted  a t  h igh  temperatures .  A s  

t he  temperature  i n c r e a s e s ,  gas d i f f u s i o n ,  metal sub l ima t ion ,  and 

s imilar  prob,lems become more severe .  The n e t  r e s u l t  is that the  

o p e r a t i n g  l i f e - t i m e  of such systems d i c t a t e s  the  l i m i t i n g  tempera- 

t u r e .  The importance of geometric c o n s i d e r a t i o n s  a r i s e s  from t h e  

f a c t  t h a t  t h e r e  a r e  performances l o s s e s  due t o  c o l l e c t o r  s u r f a c e  

i n a c c u r a c i e s ,  and e r r o r s  i n  the l o c a t i o n  of a n  i so the rma l  c a v i t y  

abso rbe r .  With such cons ide ra t ions  i n  mind, i t  i s  e v i d e n t  t h a t  

h igh  p r e c i s i o n  m i r r o r  technology i s  necessary .  U n t i l  r e c e n t l y ,  

m i r r o r  technology was inadequate  f o r  b u i l d i n g  the  m i r r o r s  r equ i r ed  

f o r  h igh  temperature  systems. 

d iameter  m i r r o r s  having performance c h a r a c t e r i s t i c s  approaching 

However, EOS now f a b r i c a t e s  5- foot  
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p e r f e c t  mir rors .  F u r t h e r ,  EOS i s  s tudy ing  a 30-foot  r i g i d  m i r r o r  

des ign ,  and has  b u i l t  e lements  f o r  a 44 - foo t  u n f u r l a b l e  s o l a r  

c o l l e c t o r .  One of the major u n c e r t a i n t i e s  which a f f e c t  the f u t u r e  

of s o l a r  power systems us ing  c o l l e c t o r s  i s  the  e f f e c t  o f  the  s p a c -  

environment on the c o l l e c t o r  s u r f a c e .  S t u d i e s  have been made whicit 

show t h a t  the problem may n o t  be a s e r i o u s  one. However, t h e r e  i s  

s t i l l  apprehension over  the e f f e c t s  of the  a p p a r e n t l y  f l u f f y  meteqzcid 

on the  m i r r o r  su r f ace .  Work i s  c u r r e n t l y  i n  p r o g r e s s ,  which i s  

planned to  provide space experiments  t o  e v a l u a t e  t h i s  potential 

problem. 

The S o l a r  Hydrogen Rocket-Solar Energy ThermionFc System 

(SOHR-SET) has f i v e  major cocponents.  

1. A hydrogen s t o r a g e  and feed system. 

2. A s o l a r  c o l l e c t o r  and o r i e n t a t i o n  system 

3 .  A c a v i t y  h e a t  exchanger and thermal r e g e n e r a t i o n  sys t em.  

4 .  Thermionic d iodes .  

5. Rocket nozz les .  

S o l a r  energy i s  concent ra ted  by a l i g h t  w e i g h t ,  a l l  meta l  p a r a b o l i r  

r e f l e c t o r  which may range i n  d iameter  from 5 - f e e t  t o  4 0 - f e e t  o r  L-LOT-. 

depending upon the  t h r u s t  and power requi rements  f o r  the p a r t i c u l i  i 

m i  s s ion.  

I n  ope ra t ion ,  s o l a r  r a d i a t i o n  i s  r e f l e c t e d  i n t o  a c a v i t y  abso rb ( - r  

having a n  a p e r t u r e  d iameter  approximate ly  1 pe rcen t  o f  the c o l l e c r o r  

d iameter .  Th i s  b l a c k  body c a v i t y  e n c l o s e s  a r e f r a c t o r y  ne ta l  h e a t  

exchanger through which hydrogen gas  c i rcu la tes .  I f  r equ i r ed  , t ! l -  

c a v i t y  may inco rpora t e  m a t e r i a l  f o r  thermal energy s t o r a g e .  Exrer-ria 

t o  the  cav i ty  i s  a mechanism f o r  c o n t r o l  of  f l u x  e n t e r i v g  the chv I L> 

Of the r a d i a t i o n  t h a t  e n t e r s  t h e  c a v i t y ,  a f r a c t i o n  3f i t  is r e - i  ’ 

ed through the  c a v i t y  e n t r a n c e ,  and a f r a c t i o n  i s  l u s t  through til- 

c a v i t y  walls. By f a r  the l a r g e s t  p o r t i o n  i s  absorbed,  hDwever, 

e i t h e r  by the diode s y s t e m ,  o r  by the hydrogen gas.  Of ti-.= h F a C  
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going t o  t h e  d iodes ,  a f r a c t i o n  (approximately 10 percent )  is  converted 

i n t o  e l e c t r i c a l  energy and the remainder is  r e j e c t e d ,  p a r t i a l l y  o r  

t o t a l l y  f o r  p rehea t ing  of t he  incoming hydrogen flow depending upon 

t h e  p a r t i c u l a r  des ign .  The incoming hydrogen flow is f u r t h e r  hea ted  

i n  t h e  c a v i t y ,  and expanded through a nozz le  f o r  p ropu l s ion .  

EOS has  developed l i g h t  weight c a v i t i e s  which have been ope ra t ed  

i n  con junc t ion  wi th  l i g h t  weight m i r r o r s  a t  tempera tures  a s  h igh  a s  

4500°R f o r  extended du ra t ions .  These c a v i t i e s  w e r e  f a b r i c a t e d  from 

rhenium, molybdenum, and tungs ten .  The c a v i t i e s  normally ma in ta in  

gas  temperatures between 3000-4000°R, cor responding  t o  a s p e c i f i c  

impulse of from 600 t o  800 seconds, depending upon t h e  s i z e  of t h e  

s y s t e m  involved. EOS has r e c e n t l y  demonstrated t h e  f e a s i b i l i t y  of 

t h e  s o l a r  hydrogen rocket  propuls ion  concept on A i r  Force Con t rac t  

No. AF 04(611)-8181, w i th  t h e  o p e r a t i o n  of a ground demonst ra t ion  

mode 1. 

The inco rpora t ion  o f  a thermionic system w i t h  a s o l a r  hydrogen 

rocke t  appears t o  b e  a l o g i c a l  t e c h n o l o g i c a l  development. Progress  

i n  thermionic diode technology has  been a c c e l e r a t e d ,  and is now a t  

t h e  p o i n t  where a p p l i c a t i o n  t o  a c t u a l  systems should b e  contemplated.  

Thermionic diodes a t  p resent  have low thermal e f f i c i e n c i e s  , 
hence, i n  p r a c t i c e  from 5-10 times t h e  e l e c t r i c a l  power d e l i v e r e d  

m u s t  be r e j e c t e d  a s  h e a t .  Thus, a c o n s i d e r a b l e  amount of w a s t e  h e a t  

is  a v a i l a b l e  f o r  u t i l i z a t i o n .  The  combined system desc r ibed  h e r e i n  

u t i l i z e s  t h i s  waste hea t  f o r  propuls ion ,  thereby  s i g n i f i c a n t l y  

improving t h e  e f f e c t i v e  thermal e f f i c i e n c y  of t h e  o v e r a l l  system. 

The SOHR-SET hybr id  system d i f f e r s  from t h e  i n d i v i d u a l  SOHR or  

SET systems, only by t h e  f a c t  t h a t  t h e r e  is  a common c a v i t y ,  and a 

thermal p rehea t / r ecove ry  system. 

s y s t e m  is  t h e  c a p a b i l i t y  o f  ope ra t ing  a s  a thermionic power genera- 

t i o n  system even a f t e r  propuls ion  ceases .  

A ve ry  important f e a t u r e  of t h e  
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2 .  SUMMARY AND RECOMMENDATIONS 

The o b j e c t i v e  of t h i s  program was t o  perform a s t u d y  of a combined 

s o l a r  hydrogen propuls ion  and e l ec t r i c  power system f o r  space a p p l i c a t i o n s .  

The s tudy  was i n i t i a t e d  on 1 7  May 1963 under C o n t r a c t  NAS 7-231 and 

completed over a per iod of s i x  (6) months. This  f i n a l  r e p o r t  i n c l u d e s  

a l l  of t h e  work performed dur ing  t h e  program. 

The s tudy  inc ludes  a performance a n a l y s i s  of  t h e  components which 

comprise t h e  system, a d e s i g n  a n a l y s i s  of t h e  combined c a v i t y - a b s o r b e r ,  

a pre l iminary  design fo r  a 24 hour s a t e l l i t e  system, and mission s t u d i e s  

t o  d e f i n e  performance c h a r a c t e r i s t i c s  f o r  comparative propuls ion  systems 

( e l e c t r i c  and chemical)  f o r  a s o l a r  probe mission and s e v e r a l  e a r t h  o r b i t  

t r a n s f e r  c a s e s .  I n  g e n e r a l ,  t h e  ana lyses  suppor t  t h e  f e a s i b i l i t y  of t h e  

concept  and d e f i n e  t h e  des ign  c o n s t r a i n t s  imposed on t h e  system when 

u t i l i z i n g  a combined s o l a r  cav i ty-absorber  f o r  bo th  propuls ion  and power 

g e n e r a t i o n .  The use of thermal energy s t o r a g e  f o r  o r b i t a l  a p p l i c a t i o n s  

has  been evaluated and al though i t s  use  may in t roduce  s e r i o u s  compromises 

i n  opt imizing c a v i t y  c o n f i g u r a t i o n ,  by caus ing  increased  thermal l o s s e s  , 
i t s  o v e r a l l  value t o  the  system p l a c e s  i t  i n  an e s s e n t i a l  c a t e g o r y  

p a r t i c u l a r l y  for maintaining i so thermal  o p e r a t i o n  o f  t h e  propuls ion  and 

power subsystems. The system shows c o n s i d e r a b l e  promise f o r  s o l a r  probe 

missions where t r a n s i t  t i m e s  comparable t o  chemical r o c k e t s  a r e  i n d i c a t e d  

and r e l a t i v e l y  high payload mass f r a c t i o n s  (comparable t o  h igh  I e l e c t r i c  

r o c k e t s )  appear achievable .  Another a p p l i c a t i o n  which is a t t r a c t i v e  f o r  

t h e  s o l a r  propuls ion and power system is t h e  t r a n s f e r  of  a l a r g e  communications 

s a t e l l i t e  from a 300 n m park ing  o r b i t  t o  a 24 hour synchronous o r b i t  and 

then  u t i l i z i n g  t h e  e l e c t r i c  power output  of t h e  thermionic  d iodes  t o  o p e r a t e '  

t h e  communication payload. The remainder of t h i s  s e c t i o n  i s  devoted t o  a 

summary of r e s u l t s  i n  t h e  body of t h e  r e p o r t  and recommendations f o r  f u t u r e  

work i n  support  of t he  system concept .  

SP 
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2.1 Summary of Resu l t s  

An a n a l y s i s  was conducted of t he  p r o p e l l a n t  s t o r a g e  and feed 

system requirements  f o r  l i q u i d  hydrogen. It w a s  concluded t h a t  a non- 

vented  system, u s i n g  thermal leakage i n t o  t h e  t ank  f o r  p r e s s u r i z a t i o n ,  

would be optimum f o r  most missions parti&&rlY those  of longer  d u r a t i o n .  

The requirements  f o r  t h e  s to rage  system i n  t e r m s  of p r e s s u r e  tankage,  

thermal  i n s u l a t i o n ,  and meteoroid s h i e l d i n g  a s  a f u n c t i o n  of p r o p e l l a n t  

weight  and mission d u r a t i o n  a r e  presented  i n  S e c t i o n  3 .1 .  

is the  l a r g e  r educ t ion  i n  meteoroid s h i e l d i n g  from e a r l i e r  estimates, a s  

a r e s u l t  of  t he  more r e c e n t  Explorer X V I  d a t a .  

Of s i g n i f i c a n c e  

A gene ra l  a n a l y s i s  of  mir ror -absorber  efficiencyl;)m-a was 

performed f o r  pa rabo lo ida l  concen t r a to r s  a s  a f u n c t i o n  of c a v i t y  temper- 

a t u r e  and d i s t a n c e  from the  sun. Graphica l  r e s u l t s  p re sen ted  i n  S e c t i o n  

3.2 permi t  e s t i m a t i o n  of  mirror-absorber  e f f i c i e n c y  over  a wide range of 

ope ra t ing  c o n d i t i o n s ,  inc luding  t h e  e f f e c t  of s u r f a c e  inaccurac i e s  on 

performance. A t  t h e  temperatures of i n t e r e s t  (3500 - 4500 OR) i n  t h e  

c a v i t y ,  va lues  o f ?  

space  near  t h e  e a r t h .  The r e s u l t s  can a l s o  be used t o  estimate t h e  changes 

i n  phys i ca l  parameters  necessary  t o  main ta in  c o n s t a n t  e f f i c i e n c y ,  temper- 

a t u r e ,  o r  power a t  va r ious  s o l a r  d i s t a n c e s .  Graphica l  p l o t s  a r e  a l s o  

presented  f o r  t h e  c a v i t y  thermal power and maximum t h r u s t  a v a i l a b l e  as a 

f u n c t i o n  of mir ror  s i z e .  

i n  the  range  of 70-75 pe rcen t  appear f e a s i b l e  i n  m-a 

A b r i e f  a n a l y s i s  of t h e  in f luence  of nozz le  Reynolds No. and 

t h r u s t  l e v e l  on performance was completed.  The r e s u l t s  are based on r e c e n t  

exper imenta l  d a t a  and related theory ,  and i n d i c a t e  t h e  r e l a t i v e  nozz le  

energy e f f i c i e n c i e s q  

and Reynolds No. The r e s u l t s  a r e  most s i g n i f i c a n t  and i n d i c a t e  t h a t  i f  an 

upper l i m i t  on c a v i t y  temperature  i s  chosen,  c o n s i s t e n t  w i th  a v a i l a b l e  

t h a t  can b e  a n t i c i p a t e d  f o r  v a r i o u s  t h r u s t  levels n 

materials, t he  a c t u a l  s p e c i f i c  impulse a t t a i n a b l e  f o r  ve ry  small nozz les  , 

( t h r u s t  = 0.01 - 0.1 lbs) i s  about 600 s e c .  For l a r g e r  systems ( t h r u s t  

a l . 0  l b s )  w i th  nozz les  opera t ing  a t  r easonab le  Reynolds N o .  ( R e ~ l O , 0 0 0 ) ,  

a c t u a l  s p e c i f i c  impulses of  750 - 800 sec .  appear  f e a s i b l e  based on t h e  

same c r i t e r i a  f o r  l i m i t i n g  temperature .  These r e s u l t s  a r e  p re sen ted  i n  

a g r a p h i c a l  form i n  S e c t i o n  3.3 of t h e  r e p o r t .  
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The energy s t o r a g e  requirements  a r e  examined f o r  v a r i o u s  

o r b i t a l  a p p l i c a t i o n s  and i t  is  concluded t h a t  thermal energy s t o r a g e  i s  

s u p e r i o r  t o  p r e s e n t l y  a v a i l a b l e  e lec t rochemica l  systems f o r  t h i s  a p p l i c a t i o n .  

A survey of the c u r r e n t  technology i n  TES m a t e r i a l s  i s  p r e s e n t e d ,  and t h e  

performance i n  w a t t - h o u r s / l b  f o r  v a r i o u s  m o d i f i c a t i o n s  t o  t h e  b a r e  m a t e r i a l  

i s  inc luded .  On t h e  b a s i s  of a v a i l a b l e  informat ion ,  a TES matr ix  c o n s i s t i n g  

of compacted and s i n t e r e d  3 B 0-2 MgO g r a n u l e s  which have been coa ted  w i t h  

vapor deposi ted tungs ten  o r  rhenium, i s  suggested a s  optimum f o r  energylweight  

and thermal c o n d u c t i v i t y  c o n s i d e r a t i o n s .  

e 

A s tudy of t h e  combined c a v i t y  absorber  was completed,  i n c l u d i n g  

c o n s i d e r a t i o n  o f  t he  i n f l u e n c e  of c a v i t y  e n t r a n c e ,  hydrogen h e a t  exchanger ,  

thermionic  d iodes ,  and thermal energy s t o r a g e  on t h e  d e s i g n  c o n s t r a i n t s  

imposed on the  system. An a n a l y s i s  of t h e  thermodynamics of t h e  combined 

system is presented i n  S e c t i o n  4 and t h e  r e l a t i o n s h i p  between thermal  power 

i n p u t ,  t h r u s t  and e l e c t r i c a l  power o u t p u t  is  determined f o r  v a r i o u s  o p e r a t i n g  

c o n d i t i o n s .  Under t y p i c a l  o p e r a t i n g  c o n d i t i o n s ,  w i t h  superhea t  f o r  h igh  

I t h r u s t i n g ,  only about  5-7 p e r c e n t  of t h e  t o t a l  energy absorbed can  b e  

converted i n t o  e l e c t r i c a l  power. Graphical  p l o t s  of e l e c t r i c a l  ou tput  power 

and t h r u s t  a r e  presented a s  a f u n c t i o n  of c o l l e c t o r  diameter  and I . The 

hydrogen d i f f u s i o n  problem i s  analyzed i n  some d e t a i l  and c r i t e r i a  f o r  

c o m p a t i b i l i t y  wi th  t h e  thermionic  d iodes  a r e  e s t a b l i s h e d  i n  t e r m s  of d i f f u s i o n  

r a t e s  and equi l ibr ium p r e s s u r e  i n  t h e  c a v i t y .  

SP 

SP 

A pre l iminary  des ign  of a SOHR-SET system w a s  completed f o r  a 

24 hour synchronous s a t e l l i t e .  A Centaur b o o s t e r  v e h i c l e  d e l i v e r i n g  an 

8500 l b  g r o s s  weight space c r a f t  i n  a 300 n m o r b i t  was assumed. The SOHR- 

SET system c o n s i s t s  of four  ( 4 )  modules each c o n s i s t i n g  of a 9-112 diameter  

s o l a r  c o l l e c t o r  and (16) c o n v e r t e r  thermionic  g e n e r a t o r  c a v i t y  a b s o r b e r .  

The d e s i g n  incorpora tes  TES m a t e r i a l  for  cont inuous ( i so thermal )  o p e r a t i o n  

dur ing  t r a n s f e r  from t h e  low a l t i t u d e  o r b i t  t o  t h e  24 hour o r b i t .  A t  an 

I o f  700 sec .  t h e  system i s  capable  of producing about  0.8 l b s  of  t h r u s t  

a t  t h e  300 n m o r b i t  and almost  1 . 2  l b s  o f  t h r u s t  a t  t h e  24 hour o r b i t ,  

making p o s s i b l e  a t r a n s f e r  t i m e  of 30 - 40 days .  The r e s u l t s  i n d i c a t e  

t h a t  t h e  propuls ion system can d e l i v e r  a 3300 l b  payload t o  t h e  synchronous 
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o r b i t  and then provide 2200 watts o f  e l e c t r i c a l  power from t h e  thermionic  

power system t o  o p e r a t e  a communication system. 

i s  a p re l imina ry  des ign  c r o s s - s c c t i o n  drawing of t h e  c a v i t y  absorber  

showing t h e  conf igu ra t ion  and l o c a t i o n  of t h e  v a r i o u s  e lements .  

Included i n  S e c t i o n  6 ,  

Severa l  missions which appear of i n t e r e s t  f o r  t h e  SOHR-SET 

system, w e r e  analyzed t o  determine performance c h a r a c t e r i s t i c s  and t h e  

r e s u l t s  w e r e  compared wi th  e l e c t r i c  t h r u s t o r s  and chemical r o c k e t s .  A 

s o l a r  probe mission s t a r t i n g  from a 300 n m park ing  o r b i t  around t h e  

e a r t h  t o  a c o a s t  e l l i p s e  passing w i t h i n  0 .3  AUof  the  sun was s t u d i e d .  

The r e s u l t s  a r e  ve ry  favorable  and i n d i c a t e  t h a t  payload mass r a t i o s  of 

about  0.25 - 0.30 a r e  a t t a i n a b l e  f o r  mission t imes of 100 days wi th  the  

a v a i l a b i l i t y  of s i g n i f i c a n t  l e v e l s  of  e l e c t r i c a l  power. S imi l a r  s t u d i e s  

w e r e  performed €or o r b i t  t r a n s f e r  missions and t h e  r e s u l t s  comparing t h e  

performance of s o l a r  propuls ion ,  i on  engine ,  a r c  j e t ,  and a chemical  r o c k e t  

a r e  presented  i n  Sec t ion  7 .  Graphica l  p l o t s  of p r o p e l l a n t  mass r a t i o ,  

payload mass r a t i o ,  and mission d u r a t i o n  a r e  provided f o r  comparison. 

I n  g e n e r a l ,  t h e  SOHR-SET combination appears  compet i t ive  wi th  and i n  many 

c a s e s  supe r io r  t o  o the r  propuls ion  systems f o r  t h e  missions r e p o r t e d ,  

p a r t i c u l a r l y  where e l e c t r i c a l  power i s  r equ i r ed  i n  t r a n s i t  o r  a t  the  

d e s t i n a t i o n .  

2.2 Recommendations 

The u t i l i z a t i o n  of a SOHR-SET propuls ion  and power system f o r  

t h e  24 hour o r b i t  s a t e l l i t e  appears  t o  be a p a r t i c u l a r l y  s u i t a b l e  and 

u s e f u l  a p p l i c a t i o n .  While t h e  r e s u l t s  of t h i s  p re l imina ry  s t u d y  i n d i c a t e  

t h e  t e c h n i c a l  f e a s i b i l i t y  of t h e  concept ,  exper imenta l  v e r i f i c a t i o n  of 

c e r t a i n  c r i t i c a l  a r e a s  i s  e s s e n t i a l  t o  a s s u r e  t h e  l o g i c a l  f u t u r e  develop- 

ment of t h e  system. Therefore ,  t h e  fo l lowing  phases of work are recommended 

t o  provide  informat ion  of a bas i c  n a t u r e  t o  suppor t  t h e  development of a 

combined cav i ty -abso rbe r .  

2 .2 .1  Hydropen Dif fus ion  

A s  discussed i n  t h e  r e p o r t ,  hydrogen d i f f u s i o n  through 
0 r e f r a c t o r y  m a t e r i a l s  a t  temperatures up t o  2500 K may be  a c r i t i c a l  problem. 

Ava i l ab le  informat ion  on t h e  s u b j e c t  i s  l i m i t e d  t o  d a t a  on molybdenum a t  
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0 lower temperatures (41800 K)  and some t h e o r e t i c a l  models f o r  e x t r a p o l a -  

t i o n  t o  h igher  temperatures .  

i s  dependent of c e r t a i n  d i f f u s i o n  c r i t e r i a ,  i t  is  recommended t h a t  an 

experimental  research  program be i n i t i a t e d  t o  de te rmine  t h e  d i f f u s i o n  

c h a r a c t e r i s t i c s  of hydrogen through tungs ten ,  rhenium, and o t h e r  a l l o y s  

of i n t e r e s t  a t  temperatures up t o  2500 K .  This  s t u d y  should a l s o  c o n s i d e r  

t h e  i n f l u e n c e  o f  t h e  c r y s t a l  s t r u c t u r e ;  bar  s t o c k ,  r o l l e d  p l a t e ,  vapor 

d e p o s i t i o n ,  e t c .  , and o ther  p e r t i n e n t  process ing  h i s t o r y  on t h e  d i f f u s i o n  

p r o p e r t i e s .  

S i n c e  t h e  u l t i m a t e  f e a s i b i l i t y  of t h e  concept  

0 

2 . 2 . 2  Thermal Energy Storage  

The most promising TES concept  appears  t o  be t h e  

s i n t e r e d  matrix of vapor depos i ted  tungs ten  on 3 B e 0  - 2 MgO p e l l e t s ,  

a l l  encapsulated i n  a tungsten-rhenium c o n t a i n e r .  This  approach o f f e r s  

r e l a t i v e l y  high c a p a c i t y  (wat t -hours l lb)  w i t h  reasonable  thermal conduct- 

i v i t y .  However, t h e  f e a s i b i l i t y  of t h e  concept  i s  dependent on t h e  

e f f e c t i v e n e s s  o f  t h e  thermal bonds throughout t h e  matr ix  and t h e  s t a b i l i t y  

of t h e  compact dur ing  thermal c y c l i n g .  These f a c t o r s  w i l l  determine t h e  

magnitude of temperature drop and i t s  v a r i a t i o n  w i t h  t i m e .  T h e r e f o r e ,  

i t  i s  recommended t h a t  a r e s e a r c h  program be undertaken t o  f a b r i c a t e  t h e  

s i n t e r e d  TES matrix and i n c o r p o r a t e  a capsule  of t h e  m a t e r i a l  on t h e  

emitter of  a thermionic d iode  of t h e  type under development f o r  t h e  J e t  

Propuls ion  Laboratory fo r  t h e  SET program. This  exper imenta l  v e h i c l e  

should be t e s t e d  wi th  e l e c t r o n  bombardment h e a t i n g  a t  temperatures  up t o  

2200°K and hea t  f l u x e s  up t o  200 watts/cm 

c o n d u c t i v i t y  and temperature  drop. Thermal c y c l i n g  should a l s o  be included 

t o  e v a l u a t e  the s t a b i l i t y  of t h e  s t r u c t u r e  wi th  t i m e .  

2 
t o  determine e f f e c t i v e  thermal  

2 . 2 . 3  C a v i t y  Absorber Development 

Upon completion of t h e  b a s i c  work d e s c r i b e d  p r e v i o u s l y ,  

a combined cavi ty-absorber  i n c o r p o r a t i n g  thermionic  d i o d e s ,  hydrogen 

h e a t  exchanger and thermal energy s t o r a g e  matr ix  should be des igned ,  

f a b r i c a t e d ,  and t e s t e d  f o r  performance c h a r a c t e r i s t i c s .  The tes ts  dur ing  

t h i s  phase should be conducted i n  a l a b o r a t o r y  vacuum system u t i l i z i n g  

e l e c t r o n  bombardment h e a t i n g  a s  t h e  energy s o u r c e .  The scope and n a t u r e  

of  any subsequent s o l a r  t e s t i n g  should be based on t h e  r e s u l t s  of t h e  

l a b o r a t o r y  test  program. 
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3. PERFORMANCE ANALYSIS OF COMPONENTS 

The SOHR-SET System i s  bes t  s u i t e d  t o  a c l a s s  o f  miss ions  

in t e rmed ia t e  between chemical and e l e c t r i c  p ropu l s ion  sys t ems .  

C h a r a c t e r i s t i c  of the SOHR-SET system miss ion  c a p a b i l i t i e s  i s  low 

t h r u s t ,  h igh  s p e c i f i c  impulse,  and l a r g e  payloads i n  low g r a v i t a t i o n a l  

f i e l d s  a t  the expense of  f l i g h t  t i m e .  S ince  t h e  p ropu l s ion  a s p e c t  

-,-._.._..--.. L G y U ; L C J  the storage of l a rge  i i0 l .c i i i i~S  of I IqLiLd, (the SOILS a s p e c t  

of the  system r e q u i r e s  l a r g e  mass f r a c t i o n s )  then  c ryogenic  s t o r a g e  

c o n s i d e r a t i o n s  m u s t  be taken  i n t o  account .  Furthermore,  s i n c e  

l a r g e  a r e a s  are  invo lved ,  and long  f l i g h t  t i m e s  a r e  a n t i c i p a t e d ,  

micrometeor i te  p r o t e c t i o n  may become a s i g n i f i c a n t  f a c t o r .  

3.1 P r o p e l l a n t  S torage  and Feed System 

The fo l lowing  s e c t i o n s  d e a l  wi th  the a n a l y s i s  of t he  

tankage weight r equ i r ed  f o r  t y p i c a l  SOHR-SET miss ions .  

3 .1 .1  Vented and Non-Vented Systems 

The des igne r  of a l i q u i d  hydrogen s t o r a g e  system 

f o r  prolonged space  miss ions  m u s t  dec ide  very ear ly  on t h e  d i s p o s i t i o n  

o r  hydrogen b o i l - o f f  due t o  heat leakage i n t o  t h e  system. I f  i t  i s  

dec ided  t o  ven t  t he  s y s t e m  t o  p reven t  excess ive  p r e s s u r e  bu i ld -up ,  then  

t h e  b e s t  t h a t  can be done i s  to  op t imize  t h e  b o i l - o f f - i n s u l a t i o n  r e l a t i o n -  

s h i p .  For long d u r a t i o n  mis s ions ,  t h e  p e n a l t y  i s  s e v e r e .  An earlier 

EOS s tudy  (RTD-TDR-63-1085, "Research and Development S t u d i e s  

t o  Determine F e a s i b i l i t y  of Solar  LH Propuls ion  System.") g ives  a n  

a n a l y s i s  of t h e  b o i l - o f f  p e n a l t i e s  involved i n  a vented system. This  

s tudy  w i l l  be based on a non-vented system des ign  concept.  

2 

I n  a non-vented system thermal leakage  m u s t  be 

t r a n s f e r r e d  from t h e  body of  t h e  s t o r e d  hydrogen t o  t h e  e x i s t i n g  l i q u i d .  
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This  can be done by t h r o t t l i n g  the  hydrogen, then p a s s i n g  the  w e t  

mixture  of l i q u i d  hydrogen d r o p l e t s  and s a t u r a t e d  vapor throclgh 

c o i l s  i m m e r s e d  i n  t he  s t o r a g e  tank. F igure  3-1 i s  a schematic  of a 

non-vented system us ing  s t o r e d  gas  p r e s s u r i z a t i o n .  The s y s  tern 

c o n s i s t s  of the s h i e l d ,  tank p l u s  s u i t a b l e  v a l v e s ,  r e g u l a t o r s ,  

e x p u l s i o n  bladder ,  t h r o t t l i n g  and warm-up c o i l s ,  and o t h e r  i tems.  

A schematic of t h e  f u e l  tank w a l l  i s  shown a t  t h e  bottom of the  page. 

The tank w a l l  c o n s i s t s  of  the i n t e r n a l  s k i n  which c o n t a i n s  t h e  

p r e s s u r i z e d  hydrogen, a l a y e r  o f  thermal i n s u l a  t i o n ,  a meteoroid 

s h i e l d ,  and a tank suppor t  s t r u c t u r e .  

The tank w a l l  shown should n o t  be considered a s  

being the  f i n a l  form, s i n c e  more optimized arrangements  a r e  p o s s i b l e .  

The i n t e r l a c i n g  of s e v e r a l  l a y e r s  of  i n s u l a t i o n  and s h i e l d i n g  i s  a 

d i s t i n c t  p o s s i b i l i t y  a s  f a r  a s  a lower weight  d e s i g n  i s  concerned. 

However, op t imiza t ion  of  t h e  s t r u c t u r e  i s  unca l led  f o r  u n t i l  f u r t h e r  

knowledge i s  gained concerning the  meteoroid environment,  and the  

r e l a t i v e  m e r i t s  o f  one type of  s h i e l d  c o n f i g u r a t i o n  over  t he  o t h e r  

i s  determined. 

Figure 3-2 i s  t h e  Tempera ture-Entropy diagram f o r  

l i q u i d  hydrogen c o n t r o l l e d  v a p o r i z a t i o n .  S t a t e  1 corresponds to  the 

c o n d i t i o n  of  bulk s torage .  The f l u i d  i s  s t o r e d  under s a t u r a t e d  

l i q u i d  c o n d i t i o n  a t  a p r e s s u r e  p 

A t  s t a t e  2 ,  the f l u i d  i s  t h r o t t l e d  r e s u l t i n g  i n  a d e c r e a s e  i n  

p r e s s u r e  and temperature ,  and a n  i n c r e a s e  i n  q u a l i t y  X A t  s t a t e  3 

t h e  f l u i d  i s  r e c i r c u l a t e d  through the  f u e l  tank where i t s  e n t h a l p y  

i s  increased  to  h and i t s  q u a l i t y  increased  to X A t  s t a t e  4 t h e  3’ 3’ 
f l u i d  i s  t h r o t t l e d  r e s u l t i n g  i n  a d e c r e a s e  i n  p r e s s u r e  and temperature  

and a n  increase  i n  q u a l i t y  from X t o  the  n e a r  s a t u r a t e d  vapor. A t  3 
s t a t e  5 t he  s a t u r a t e d  vapor e n t e r s  the f i r s t  o f  a se t  of h e a t  

exchangers.  Here i t  i s  warmed up s u f f i c i e n t l y  so t h a t  i t  can be 

handled eas i ly  i n  a flow c o n t r o l  system. Another f u n c t i o n  of t h i s  

temperature  T and e n t h a l p y  hl.  1’ 1’ 

2 ’  
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h e a t  exchanger i s  to  make a b s o l u t e l y  s u r e  t h a t  no hydrogen d r o p l e t s  

remain, thereby  providing s ingle  phase vapor i n  the h ighe r  temperature  

exchangers.  

The thermal leakage t o  the  hydrogen w i l l  depend upon, 

among o t h e r  t h i n g s ,  the d i s t ance  o f  the space c r a f t  from the  sun. 

I n  a c t u a l  p r a c t i c e  we can a n t i c i p a t e  s e v e r a l  s i t u a t i o n s .  W e  can 

env i s ion  the  s p a c e - c r a f t  being on a miss ion  so t h a t  a t  the end,  

i t  i s  c l o s e r  t o  t h e  sun than a t  any o t h e r  p o i n t .  We can a l s o  

imagine t h i s  s p a c e - c r a f t  being f u r t h e r  away from the  sun a t  the  end 

of the mission.  There i s  the a d d i t i o n a l  ca se  i n  which s p a c e - c r a f t  

is a l t e r n a t e l y  c l o s e  t o  and f a r  removed from the  sun,  and f i n a l l y ,  

t he  c r a f t  may aiways be approximately cfie same d i s t a n c e  irorri iiir sun. 

For  the case  i n  which the space -c ra f t  i s  c l o s e s t  to  the  sun a t  the 

end of  the miss ion ,  the i n s u l a t i o n  m u s t  be adequate  enough s o  t h a t  

a t  t h e  end of the  mission the thermal leakage i s  n o t  g r e a t e r  than 

t h e  r a t e  which en tha lpy  is being removed from the  system by t h e  

e x i t i n g  hydrogen s t ream.  This be ing  t h e  case  t h e  hydrogen l eav ing  

t h e  tank w i l l  always be  of a q u a l i t y  less  than 1, except  a t  t h e  end 

o f  the mission when i t s  q u a l i t y  i s  1, s o  t h a t  the  f i r s t  h e a t  exchanger 

w i l l  i n  essence  a l s o  be a vapor izer .  For the case  where the  space 

v e h i c l e  i s  c l o s e s t  t o  the sun  a t  the beginning of t he  miss ion ,  then 

the  r eve r se  case  i s  t r u e .  Then a g a i n  the f i r s t  h e a t  exchanger w i l l  

a l s o  be a vapor izer .  For the case  where the  s p a c e c r a f t  i s  a l t e r n a t e l y  

nea r  and f a r  removed from the sun ,  then the des ign  m u s t  be f o r  t he  

p o i n t  o f  c l o s e s t  approach to  the  sun, and f o r  parts of the miss ion  

a g a i n  the f i r s t  h e a t  exchanger w i l l  a l s o  be a vapor i ze r .  The only  

missions on which the  e x i t i n g  hydrogen s t ream w i l l  be e s s e n t i a l l y  

a s a t u r a t e d  vapor w i l l  be those i n  which the s p a c e c r a f t  d i s t a n c e  

from the sun remains approximately cons t an t .  

4000-Fina 1 13 



3 . 1 . 2  P r o p e l l a n t  S t o r a g e ,  Feed S y s t e m  Geometry, 
S t r u c t u r a l  Requirements 

The p r o p e l l a n t  s t o r a g e  and feed system weight  

c o n s i s t s  o f  p rope l l an t  weight  p l u s  the weight  of  the  s t r u c t u r e  used 

t o  s t o r e  and feed the p r o p e l l a n t .  The p r o p e l l a n t  weight  c o n s i s t s  of 

the hydrogen consumed f o r  propuls ion  p l u s  the p r o p e l l a n t  remaining 

a f t e r  miss ion  completion. The s t r u c t u r e  weight  c o n s i s t s  of p re s su re  

tank i n s u l a t i o n  and meteoroid s h i e l d .  The p r e s s u r e  tank  weight  i s  

der ived  p a r t l y  from i n t e r n a l  p r e s s u r e  c o n s i d e r a t i o n s ,  and p a r t l y  from 

o t h e r  incremental  f a c t o r s  descr ibed  below. S ince  therma 1 i n s u l a  t i o n  

can se rve  a s  a meteoroid s h i e l d ,  and a meteoroid s h i e l d  does  have 

some thermal i n s u l a t i n g  p r o p e r t i e s ,  then the  s u m  of  the weights  o f  

thermal  i n s u l a t i o n  and meteoroid s h i e l d  should be opt imized f o r  il 

p a r t i c u l a r  mission.  I n  t h i s  a n a l y s i s  t h i s  h a s  n o t  been done. 

A s  s t a  ted  above W = W + W  (3 -1 )  
SYS prop s t r u c  

where 

W = system weight  

W = p r o p e l l a n t  weight  

W 

SYS 

Prop 

s t r u c  
= s t o r a g e  and feed system s t r u c t u r e  weight  

The make-up o f  t h e  s t r u c t u r e  weight  i s  a s  fol lows:  

= w  + w . + w  s t r u c  V I m W 

where 

= weight  o f  t he  i n s u l a t i n g  l a y e r  'i 

W = weight  o f  the  meteoroid s h i e l d  m 

w = w  + m  + N J  + w  + N S f  
V p r e s s  ba sa e 

4 000 - F ina  1 14 
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and t h e  incrementa l  va lues .  

4000 -Fina 1 

The c o n t r i b u t i o n s  t o  W a r e  def ined a s  fol lows:  
V 

= t h e o r e t i c a l  weight  o f  p r o p e l l a n t  tank 

= incremental  weight  of  p r o p e l l a n t  tank 

p r e s s  
W 

due t o  i n t e r n a l  gas  p re s su re .  

due t o  boos t  phase a c c e l e r a t i o n .  

= the incrementa l  weight  o f  tank due t o  s t a t e  
of the a r t  r e s t r i c t i o n s  i n  material  gauges.  

%ba 

m 
sa 

= incremental  weight  due t o  weight  o f  e 
expuls ion b l adde r  and a s s o c i a t e d  s t r u c t u r e  
o f  expuls ion  system ( v a l v e s ,  r e g u l a t o r s , e t c . )  

AW = incremental  weight  due t o  f a c t o r  o f  s a f e t y  s f  
r e q u i  remen ts  

The p rope l l an t  tank geometry i s  a r r i v e d  a t  by p l a c i n g  

I t  i s  assumed t h a t  the tank h a s  t he  minimum s u r f a c e  t o  volume r a t i o ,  

and t h a t  i t  i s  adap tab le  t o  present boos te r  v e h i c l e  systems. The 

minimum area is  necessa ry ,  not on ly  t o  reduce t h e  o v e r a l l  weight  o f  

the tank ,  b u t  a l s o  t o  reduce the  weight  of meteoroid s h i e l d i n g ,  

thermal  i n s u l a t i o n ,  and the necessary  s t r u c t u r a l  suppor ts .  F igure  3 - 3  

shows the  r e l a t i o n s h i p  between tank d iameter  , t h e  tank  volume , 
s u r f a c e  , area , and weight of hydrogen. 

F igure  3-4 shows the  p r o p e l l a n t  tank weight  f o r  

s t o r a g e  o f  l i q u i d  hydrogen a t  50 p s i a  us ing  T i - 9 1 - 2 . 5  Sn a l l o y .  

Note t h a t  the upper curve W g i v e s  the  p r o p e l l a n t  tank we igh t ,  
V 

whereas the lower cu rves  a r e  p l o t s  of  t h e  t h e o r e t i c a l  minimum v a l u e ,  

15 
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3.1.3 I n s u l a t i o n  Requirements 

The h e a t  t r a n s f e r r e d  t o  a space v e h i c l e  i n  a s o l a r  

system depends on i t s  l o c a t i o n  i n  space r e l a t i v e  t o  the  sun and the  

o t h e r  p l a n e t s ,  and a l s o  on i t s  motion and o r i e n t a t i o n  r e l a t i v e  t o  

them. 

For the  case  o f  a non-vent ing system the p r o p e l l a n t  

consumption rate i s  equal  t o  the  b o i l  o f f  ra te  a t  the  p o i n t  of 

c l o s e s t  approach of the space v e h i c l e  t o  the sun. Another  assumption 

i s  t h a t  the p rope l l an t  i s  always i n  c o n t a c t  w i t h  the tank s k i n .  

L e t  

X = i n s u l a t i o n  th i ckness  

AT = temperature  d i f f e r e n c e  be tween i n s u l a  t i o n  s k i n  
temperature  and l i q u i d  hydrogen bulk temperature .  

k = thermal conduc t iv i ty  

A = s u r f a c e  a r e a  o f  l i q u i d  hydrogen s t o r a g e  v e s s e l .  
S 

F = t h r u s t  

m 
F = i n s u l a t i o n  d e n s i t y  

D = mir ro r  d iameter  

The re fo re ,  the h e a t  i n p u t  rate pe r  u n i t  area = k AT/X 

The t o t a l  h e a t  i n p u t  i s  now 

We w i l l  now de f ine  a mean temperature  d i f f e r e n c e  a s  equa l  t o  

( 3  -3) 

( 3 - 4 )  

There fo re ,  the t o t a l  h e a t  i n p u t  rate i s  e q u a l  t o  

As knTm/X (3-5) 

and t h e  b o i l  off  r a t e  i s  equa l  t o  the  t o t a l  h e a t  i n p u t  r a t e  d iv ided  by 

the h e a t  of  vapor i za t ion .  

4000 -F ina l  18 



Hence the b o i l  o f f  r a t e  i s  equal t o  

A S K GTm/ ( X  Hv) ( 3 - 6 )  

where H i s  the  hea t  o f  vapor i za t ion  of t he  l i q u i d  hydrogen. L e t  I 
V SP 

be t h e  s p e c i f i c  impulse of the hydrogen leaving  the  c a v i t y .  Therefore  

t h e  p r o p e l l a n t  consumption r a t e  is  

= F / I  
SP 

(3-7) 

Ec,uating the b o i l  o f f  rate t o  w and n o t i n g  t h s t  the i n s u l a t i o n  weight  
w i s  equa l  to pA X w e  o b t a i n  
i S 

c) 

T h e r m 1  conduc t iv i ty  va lues  f o r  evacuated laminated 

f o i l  i n s u l a t i o n  have been repor ted  a s  fol lows:  

k = .012-.05 x btu/hr-ft-OR, (36'-530°)R 
3 

p = 7.5 l b s . / f t .  

must be main ta ined  between the many l a y e r s  of  aluminum f o i l ,  a luminized  

myla r ,  o r  l i k e  i n s u l a t i o n .  

To o b t a i n  high performance space vacuum c o n d i t i o n s  

The mean temperature  d i f f e r e n c e  w i l l  now be e s t ima ted  

f o r  an  o r b i t  around the  e a r t h ,  and f o r  any p o i n t  i n  space  as a f u n c t i o n  

o f  t h e  d i s t a n c e  from t h e  s u n .  F i r s t  w e  d e f i n e  t h e  fo l lowing  terms: 

Q e  = ra te  of thermal  r a d i a t i o n  emi t ted  from an  

Q, = t he  rate of  t ransmiss ion  of  thermal  leakage t o  

Qa = t h e  ra te  a t  which r a d i a t i o n  is be ing  absorbed 

a r b i t r a r y  element of tank s u r f a c e .  

t h e  s t o r e d  hydrogen. 

by a r b i t r a r y  element of  t h e  tank  s u r f a c e .  This  
r a d i a t i o n  may be d i r e c t  s o l a r  r a d i a t i o n  emission 
r a d i a t i o n  o r  r e f l e c t e d  r a d i a t i o n .  

H = s o l a r  r a d i a t i o n  ( s o l a r  c o n s t a n t )  = H /r 

SI = t o t a l  s u r f a c e  a b s o r p t i v i t y  f o r  s o l a r  r a d i a t i o n  

E = t he  s u r f a c e  e m i s s i v i t y  of t h e  t ank .  

u = Stefan-Boltzmann cons t an t  

T = t ank  s u r f a c e  tempera ture .  

2 
0 

s s  

S 
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F = r a d i a t i o n  p e r  u n i t  a r e a  o f  tank s u r f a c e  due t o  
r e f l e c t i o n  and r e r a d i a t i o n  from e a r t h .  

8 = a n g l e  t h a t  i n c i d e n t  energy r a y  makes wi th  the  n o m 1  
t o  tank s u r f a c e .  

dA = element o f  tank s u r f a c e  a r e a .  

then by making a n  energy balance about  a s u r f a c e  element  

L e t  AT = T - Ti S 

and f u r t h e r  note t h a t  f o r  t he  system under c o n s i d e r a t i o n  

k - -Y 0 
X 

f o r  case  where f-4, i . e .  , t h e  s p a c e c r a f t  i s  f a r  removed from t h e  

e a r t h  , then 

'j4 - T./2] 
1 

AT = j T  dAs/As = 2.60 x 10 (a / €  r ) 
m '[ s s 

(3-10) 

(3-11) 

Eqn. 3-11 i s  p l o t t e d  i n  F i g .  3-5 a s  curve 4 .  Curve 1 may be used a s  

a n  i n d i c a t i o n  of t he  mean s u r f a c e  temperature  f o r  t h e  s i t u a t i o n  where 

both  r e f l e c t i o n  and r e r a d i a t i o n  from e a r t h  a r e  impor tan t .  The above 

c a l c u l a t i o n s  a r e  based  on the assumption of  n e g l i g i b l e  l a t e r a l  

thermal conduct iv i ty  i n  t h e  i n s u l a  t i o n .  

Over the  range o f  low s u r f a c e  temperatures  , 0-600°R, 

s u r f a c e  coa t ings  composed of organic  base whi te  p a i n t s  have achieved 

% / E  r a t i o s  as  low a s  0 . l . (see Ref. H.S. London, T.N. Edelbaum, E t . a l . ,  

"Mission C a p a b i l i t i e s  of  I o n  Engines" NAS 5-935. Phase 11-Fina l  Report)  

Hence the  minimum mean temperature d i f f e r e n c e  f o r  n e a r  e a r t h  miss ions  

seems t o  be about 130 F. A t  . 3  AU from the  sun, t h e  mean s k i n  

temperature  d i f f e r e n c e  w i l l  be 280 F. 

0 

0 

L e t  WHO = I n i t i a l  weight  of  Hydrogen 

D = tank diameter  
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Then from the equat ions  developed e a r l i e r  i t  fo l lows  t h a t ;  

T = 30°R 
i k = 2 x B t u j h r - f t . -  0 F 

I = 800 sec. 

3 
’ - 4 .4  l b / f t .  

H = 195 Btu/ lb .  

3 
L = 7 .5  l b / f t .  

S 

bH 

V 

% / E  = .1 
s s  

114 
= i 3 . 5  x 10-5/(FD) 1 1520 ( a s / E s r  2 - T. 1 (3-13) 

‘i’’H0 1 

‘i”H0 = c3.5 x 10-5/(FD) 1 c292 ( l / r  1’ 2) - Ti ]  (3-14) 

For  r = 1 

= L3.5 x /(FD)l [ 2 7 7  (970 x 10-5/FD) (3-15) i”H0 - (.970 x 10-2/FD) 

I n  g e n e r a l ,  s ince  W i / W H 0  depends on the s p a c e c r a f t  geometry ( t o  

determine r e r a d i a t i o n )  and on the s p a c e c r a f t  o r b i t ,  t hese  cons ide ra -  

t i o n s  m u s t  be  known be fo re  a n  a c c u r a t e  W . / W  de t e rmina t ion  may be 

made. F ig .  3-5 does ,  however, i n d i c a t e  t h a t  n a t u r e  of  the problem. 

Once AT has  been e s t i m a t e d ,  W may be found d i r e c t l y .  

1 HO 

m i 
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3.1.4 M e t  eoro  id  Shie 1 d i n g  

Any v e h i c l e  ope ra t ing  i n  space  f o r  a prolonged 

pe r iod  of t i m e  m u s t  be p ro tec t ed  from meteoroid damage by a pro- 

t e c t i v e  s h i e l d .  Es t imates  of t h e  meteoroid e f f e c t s  on t h e  s p a c e  

s t r u c t u r e  depend on two sets of d a t a ,  namely; t h e  frequency w i t h  

which t h e  s u r f a c e  w i l l  be s t r u c k  by a p a r t i c l e  w i th  a given s i z e ,  

v e l o c i t y ,  d i r e c t i o n ,  and composition, and t h e  p e n e t r a t i n g  a b i l i t y  o f  

a p a r t i c l e  on a p a r t i c u l a r  su r f ace  of a given th i ckness .  F igu re  3-6 

g ives  p e n e t r a t i o n  d a t a  f o r  s t e e l  and aluminum a s  deduced from t h e  

works of Whipple and Bjork .  

d a t a  based on t h e  1963 f ind ings  of Explorer  X V I  (J .  C .  Evvard, "How 

Much Fu tu re  f o r  Electric Propulsion?" A s t r o n a u t i c s  and Aerospace 

Engineer ing ,  August 1963. 

d a t a  were ob ta ined  on ly  f o r  p e n e t r a t i o n s  of  s t a i n l e s s  s teel  material 

a few m i l s  t h i c k ,  and t h a t  e x t r a p o l a t i o n  t o  m a t e r i a l  t h i ckness  of  s a y  

1/4 i nch  has y e t  t o  be v e r i f i e d .  

meteoroid d e n s i t i e s  of 0 .5  gms per cm3 forms an  upper boundary f o r  

r e c e n t  Explorder X I V  da t a  . 

Also i n c l u d e  i n  F i g .  3-6 i s  p e n e t r a t i o n  

It should  be  no.ted t h a t  t h e  Exp lo re r  X V I  

Note that t h e  curve  de r ived  by assuming 

The e f f e c t i v e n e s s  of  t h e  o p t i c a l  s u r f a c e  of  t h e  s o l a r  

c o n c e n t r a t o r ,  and of t h e  s u r f a c e  c o a t i n g s  used f o r  s t r u c t u r e s  and 

f o r  t h e  thermal p r o t e c t i o n  of p r o p e l l a n t  t anks  w i l l  be  a f f e c t e d  by 

t h e  average  depth  of t h e  surface c o a t i n g  des t royed  by meteoro ids .  

Ana lys i s  has shown t h a t  much less than  1 pe rcen t  of t h e  m i r r o r  s u r f a c e  

w i l l  b e  a f f e c t e d .  For long pe r iods  of  t i m e  meteoroid punctures  fo l low 

a random a r r i v a l ,  o r  Poisson d i s t r i b u t i o n .  This assumption i s  used 

t o  c a l c u l a t e  t h e  meteoroid s h i e l d  weight necessary  f o r  prolonged 

space  c r a f t  o p e r a t i o n .  W e  d e f i n e  P(n) as t h e  p r o b a b i l i t y  that  n 

punctures  of  a s e n s i t i v e  a rea  A w i l l  occur  i n  a g iven  t i m e  h. 

t h a t  t h e  s h i e l d i n g  material is  bery l l ium of d e n s i t y  0.066 l b s .  

p e r  i nch  . From F igure  3 -6 ,  w e  can f i n d  t h e  expected v a l u e  of t h e  
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FIG. 3-6  U T E  OF OCCURRENCE OF PUNCTURES VS SHIELD THICKNESS 
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number of punctures  f o r  any a r e a  o r  f o r  a given t ine.  
2 

= number of punctures/m - sec  
2 

A = exposed a r e a ,  m 

X = exposure t i m e  , sec.  

t = t h i ckness  i n  m i l s  

The expected value of t he  number o f  punctures  i s  YAk, hence P(n)  

and P ( 0 )  = exp-(kAl) a r e  known. Since '? = 1.45 x :teel, be ry l l i um 

the  sh i e ld  th ickness  f o r  bery l l ium i s  expressed  by 

- 0.3 AX I 

l - P ( 0 )  ' 
t = 23.5 (3-16) 

I - 
f o r  va lues  o f  P (0) > 0.90. 

Figure 3-7 i s  the p l o t  of the be ry l l i um s h i e l d  

thickness  requi red  f o r  prevent ing  meteoroid p e n e t r a t i o n s ,  a s  a 

funct ion o f  t i m e .  The r equ i r ed  s h i e l d  th i ckness  based on Whipple 's  

d a t a  , i s  approximate ly  three t imes g r e a t e r  t han  the  th i ckness  based 

on Explorer XVI da t a .  

Figure 3-8 g ives  a s h i e l d i n g  requirement f o r  

va r ious  q u a n t i t i e s  of  s t o r e d  hydrogen. The s h i e l d i n g  f i g u r e s  are  

based on the tank conf igu ra  t i c n  d i scussed  p rev ious ly .  

The r e s u l t s  i n d i c a t e  t ha t  f o r  a 90 pe rcen t  s u r v i v a l  

p r o b a b i l i t y  of  no p e n e t r a t i o n s  , the  meteoroid s h i e l d  requirement  

based on the  Explorer  XVI d a t a  w i l l  be  on ly  abou t  6 pe rcen t  o f  the 

p r o p e l l a n t  weight  f o r  a 100 day mis s ion ,  and about  3 percen t  of 

p r o p e l l a n t  weight  f o r  a 10 day miss ion .  O f  c o u r s e ,  i f  t h e  des ign  i s  

based upon the e a r l i e r  Whipple d a t a ,  then the  f i g u r e s  would be 

approximately t h r e e  t i m e s  l a r g e r .  

4000 -F ina l  25 



0 
0 

0 
0” 

0 
0 
0 - 

0 
0 

4000 -Final  27 



3 . 2  Collector-Absorber C h a r a c t e r i s t i c s  

The parabolo ida l  r e f l e c t o r  has  been e s t a b l i s h e d  a s  the  

most l o g i c a l  s e l e c t i o n  f o r  t h e  high-  temperature  SOHR-SET a p p l i c a t i o n .  

I t  i s  the o n l y  c o n c e n t r a t o r  t h a t  a l l o w s  the  a t t a i n m e n t  o f  h igh  

temperatures  a t  h igh  e f f i c i e n c y .  Figure 3-9 i l l u s t r a t e s  t h e  c r o s s  

s e c t i o n  of a paraboloid r e f l e c t o r ,  a s  w e l l  a s  the shape o f  a 

t h e o r e t i c a l l y  i d e a l  f o c a l  image. 

The parameters o f  i n t e r e s t  i n  t h e  s e l e c t i o n  of  a s p e c i f i c  

paraboloid concent ra tor  a r e  summarized below. 

c l o s e l y  r e l a t e d  t o  t he  o t h e r s ,  and each m u s t  be considered i n  a 

f i n a l  s e l e c t i o n .  

Each parameter i s  

1. Geometry 

a .  Diameter 

b.  Focal l e n g t h  

2. Accuracy 

a .  Angular and l i n e a r  s u r f a c e  d e v i a t i o n s  from t r u e  
parabolo id .  

b. Figure d i s t o r t i o n  

3 .  P h y s i c a l  C h a r a c t e r i s t i c s  

a .  Weight 

b .  Type o f  f a b r i c a t i o n  techniques 

c.  Folded volume 

d .  Support  members 

e .  Unfolding mechanisms 

4 .  Space Environmental E f f e c t s  

5. Vehicle  I n t e g r a t i o n  

a .  Volume and dimension l i m i t s  

b.  I n t e r f e r e n c e  with o t h e r  v e h i c l e  f u n c t i o n s  
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I t  can be shown t h a t  t he  o n l y  type of  abso rbe r  t h a t  w i l l  

r e s u l t  i n  high e f f i c i e n c y  a t  h igh  t e m p r a t u r e s  i s  a c a v i t y  where 

the  emi t t i ng - su r face  a r e a  i s  much s m a l l e r  t han  the  abso rb ing - su r face  

a r e a .  Th i s  condi t ion  reduces the  f r a c t i o n  o f  energy  r e r a d i a t e d  from 

the c a v i t y .  Actua l  performance of f l a t - p l a t e  a b s o r b e r s ,  based on 

p r e s e n t l y  a v a i l a b l e  r e f r a c t o r y  m a t e r i a l s ,  would be ex t remely  poor , 
s i n c e  a b s o r p t i v i t y - e m i s s i v i t y  v a l u e s  of  l e s s  than 0 .5  a r e  normal 

f o r  t y p i c a l  opera t ing  cond i t ions .  Another  advantage of the c a v i t y  

abso rbe r  i s  the des ign  freedom a f fo rded  by i t s  r e l a t i v e  i n s e n s i t i v i t y  

t o  shape and s i ze .  

Analyses  a re  a v a i l a b l e  i n  the  open l i t e r a t u r e  t h a t  

d e s c r i b e  the  performance o b t a i n a b l e  from low- t h r u s t  s y s t e m s  a s  a 

func t ion  of  t h r u s t i n g  t i m e ,  exhaus t  v e l o c i t y ,  powerplant  s p e c i f i c  

we igh t ,  t h r u s t ,  impulse,  and o t h e r  f a c t o r s .  These a n a l y s e s  have 

assumed t h a t  t h e  powerplant s p e c i f i c  weight  i s  c o n s t a n t  over  t he  

range o f  exhaust  v e l o c i t i e s  of i n t e r e s t .  This  assumption i s  i n a c c u r a t e  

i n  t h e  case of  s o l a r  propuls ion .  A f u r t h e r  c h a r a c t e r i s t i c  o f  s o l a r  

power p l a n t s  i s  t h a t  t h e  s p e c i f i c  weight  w i l l  d ec rease  a s  the  space-  

c r a f t  g e t s  c l o s e r  t o  the  sun. 

The s p e c i f i c  weight  of the  powerplant  f o r  the  

solar-hydrogen p ropu l s ion  system, i n c r e a s e s  a s  the  hydrogen-exhaus t 

v e l o c i t y  inc reases ,  thereby  e f f e c t i v e l y  l i m i t i n g  t h e  p r a c t i c a l  

exhaust v e l o c i t i e s  ( s p e c i f i c  impulse) t h a t  can  be  achieved.  Th i s  

weight  i nc rease  i s  due t o  the  e f f i c i e n c y  drop  a t  h i g h  tempera tures ,  

a s  expla ined  i n  the fo l lowing  s i m p l i f i e d  a n a l y s i s .  

The powerplant  s p e c i f i c  weight  i s  de f ined  as: 

4000 -Fina 1 
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where 

= propuls ion system e f f i c i e n c y  a s  a f u n c t i o n  of  
'(') d i s t a n c e  from sun-decreases  wi th  i n c r e a s i n g  r.  

s o l a r  power i n c i d e n t  on s y s t e m .  
2 

s t r u c t u r a l  suppor ts )  

5, = e f f e c t i v e  weight o f  powerplant per  kw of 

$ = e f f e c t i v e  l b / f t  o f  concent ra tor ( inc1uding  

H = s o l a r  f l u x  k w / f t  = .130/r2 kw/f t  

r = dis tance  from sun i n  AU. 

2 2 

Severa l  e f f i c i e n c i e s  a s s o c i a t e d  wi th  the s o l a r -  

hydrogen rocket  thermionic  power p l a n t  a r e  shown i n  F ig .  3 - 1 0 .  These 

a r e :  

1. 

2. 

3 .  

4 .  

M i r r o r  ef f i c i e n c y - t h e  amount of  s o l a r  r a d i a t i o n  
t h a t  i s  r e f l e c t e d  o n t o  t h e  u s e f u l  a r e a  of t h e  
absorber ,  d iv ided  by the  amount of  s u n l i g h t  
f a l l i n g  on the  system. 

Mirror-absorber  e f f i c i e n c y -  the  amount o f  energy 
k e p t  by the  absorber  a f t e r  r e - r a d i a t i o n  l o s s e s  
divided by t h e  amount o f  s u n l i g h t  on t h e  system. 

Propuls ion S y s t e m  Ef f i c i e n c y - t h e  power i n  the 
p r o p e l l a n t  flow d iv ided  by the s u n l i g h t  on the 
sys t e m .  

S y s t e m  Efficiency-The sum of  t h e  power i n  the  
p r o p e l l a n t  flow p l u s  t h e  e l e c t r i c  power o u t p u t  
d iv ided  by the  amount o f  s u n l i g h t  on the system. 

For prel iminary c a l c u l a t i o n s ,  i t  i s  assumed t h a t  

t h e  absorber ,  loca ted  a t  the f o c a l  p lane  o f  the c o n c e n t r a t o r ,  i s  a 

c a v i t y  designed so that t h e  maximum amount o f  s u n l i g h t  w i l l  e n t e r  

t h e  c a v i t y  wi thout  an excessive amount o f  r e - r a d i a t i o n  from t h e  

en t rance .  I t  can be shown, t h a t  the u s e  o f  a combined f l a t - p l a t e  and 

c a v i t y - t y p e  a b s o r b e r ,  w i l l  r e s u l t  i n  h i g h e r  e f f i c i e n c y  than o b t a i n a b l e  

w i t h  a s i n g l e  c a v i t y  absorber .  This  improvement i s  s i g n i f i c a n t  f o r  

poor  q u a l i t y  m i r r o r s ,  and only a few p e r c e n t  b e t t e r  f o r  a n  i d e a l  

c o n c e n t r a t o r .  
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(2)SUNLIGHT INTO -( 1)SUNLlGHT ON SYSTEM 

-W5) ELECTRIC 

t // ( 6 )  RADIATION FROM DIODE 

( 2 )  MIRROR EFFICIENCY Trn = - 
( 1 )  

( 2 ) - ( 3 )  
( 1 )  

MIRROR- ABSORBER EFFICIENCY 7) = m-a 

PROPULSION SYSTEM EFFICIENCY 7 = (I) (4) 

(4)+(5) 
(I 1 

SYSTEM EFFICIENCY 7 = 
S 

FIG. 3-10 EFFICIENCY DEFINITIONS FOR SOHR-SET SYSTEM 
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The fol lowing nomenclature w i l l  be used i n  the 

a n a l y s i s  of mir ror -absorber  e f f i c i e n c y .  

A TT 4 c  = r e - r a d i a t i o n  from c a v i t y  cav cav cav  

= mirror-absorber  e f f i c i e n c y  %-a 

qm 

A = ent rance  a r e a  of  the  c a v i t y  

= mirror  e f f i c i e n c y  

ca v 
P . = Stephan-Boltzmann c o n s t a n t  

cav = e f f e c t i v e  c a v i t y  r e - r a d i a t i o n  temperature  

ca v 

T 

5 = e f f e c t i v e  e m i s s i v i t y  of cav i ty  

H = s o l a r  cons t an t  a t  r 

H = s o l a r  cons t an t  = 130 w / f t  a t  1 AU 

r = d i s t ance  from sun,  AU 

A = mirror  area ( f r o n t a l )  

P = e l e c t r i c a l  power ou tpu t  from diode  

Q l o s t  from c a v i t y  w a l l s ,  e t c .  

Qrad 

G = mass-flow r a t e  o f  p r o p e l l a n t  

C = mean h e a t  c a p a c i t y  o f  p r o p e l l a n t  

Te = prope l l an t  e x i t  temperature  from abso rbe r  c o i l s  

2 
0 

m 

= unavoidable h e a t  l o s s e s  d u e  t o  r a d i a t i o n  

= thermal energy r e j e c t e d  by diode.  

- 
P 

T = prope l l an t  temperature  a t  c a v i t y  i n l e t .  

r '"1. = temperature parameter  

vN = nozzle  energy e f f i c i e n c y  

TI, = f rozen f low e f f i c i e n c y  

0 
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T h e  equat ion  d e s c r i b i n g  the h e a t  ba lance  o f  the  mi r ro r -abso rbe r  

combination are:  

(3-18) 

(3-19) 

hence,  

H A  r, / r 2  - A c, 
0 In m ca v E T4 = + P + Qrad  + GC (T -T ) ( 3 - 2 0 )  

cav cav Q l o s t  p e o  - 
The term GC ( T  -T ) provides  the  power f o r  t h r u s t i n g ,  hence wi th  

power i n  w a t t s ,  t h r u s t  i n  l b s .  and I i n  sec.; 
P e o  

SP 

(3-21) 

I n  g e n e r a l ,  i n  t h i s  s tudy w e  w i l l  assume (2 

t h r u s t i n g  Q = 0 w i l l  be the  cond i t ion  f o r  t o t a l  thermal  recovery  

from the diodes.  Hence , d u r i n g  t h r u s t i n g  wi th  to  t a  1 recovery; 

= 0 ,  and du r ing  
l o s t  

rad 

( 3  - 2 2 )  / r 2  = P + 21.8 F I /(qNyF) 
HoAm vm-a SP 

L a t e r  on a r e l a t i o n s h i p  w i l l  be de r ived  f o r  the  nozz le  energy 

e f f i c i e n c y  (rl ) a s  a func t ion  of t h r u s t  ( F ) ,  N 

Fig .  3-11 i s  a p l o t  of mir ror -absorber  e f f i c i e n c y  vs  r a t i o  

of c a v i t y  en t rance  d iameter  t o  sun'simage d iameter .  The curves  a r e  

p l o t s  of  rIm-a f o r  a p e r f e c t  concen t r a to r  w i t h  the  temperature  

r e l a  t i onsh ip  ( r  '12T 

der ived  f o r  imperfec t  m i r r o r s  i f  q i s  known. Note that the  optimum m 
c a v i t y  en t rance  d iameter  dec reases  wi th  i n c r e a s i n g  T i n  o r d e r  t o  

compensate for  r e r a d i a t i o n  l o s s e s ,  and t h a t  f o r  T = c o n s t a n t ,  t he  

optimum D / D  W i l l  change wi th  r .  The cu rves  a r e  based on the  

assumption E = 1.0 and a r e  p l o t t e d  a g a i n s t  the parameter 

(Dcav s 
m i r r o r s .  

) a s  a parameter.  S i m i l a r  curves  may be 
ca v 

c a v y  

ca v 

c a v  m 

ca v 
/D ).  Figure 3 - 1 2 i s  a p l o t  of mi r ro r  e f f i c i e n c y  f o r  imper fec t  

The imperfec t ion  i s  denoted by  Oyl,  which i s  the s tandard  

I 
s 
E 
I 

I 
8 
3 
T 
E 
I 
1 
1 

I 
t 
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RATIO OF IMAGE DIAMETER TO MIRROR DIAMETER, 
( r  Oca" /Dm ) IO3 ~ 4 . 0 3  Oca, / D s  

I 4000-Final 

FIG. 3-12 MIRROR EFFICIENCY FOR PARABOLOID CONCENTRATORS 
WITH SMALL SURFACE DEVIATIONS 
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d e v i a t i o n  of t h e  mi r ro r - su r face  angular  e r r o r .  The magnitude of  

t h e  mi r ro r  s u r f a c e  e r r o r  i s  assumed t o  be normally d i s t r i b u t e d  and 

t h e  s tandard  d e v i a t i o n  found accord ingly .  The mi r ro r  performance 

degrades r a p i d l y  and c o l l e c t o r s  o > 3 0 '  a r e  not  regarded  as very  

s u i t a b l e  f o r  s o l a r  hydrogen rocket  propuls ion .  

even f u r t h e r  w i th  inc reas ing  tempera ture ,  then h igh  temperature  

systems w i l l  perform poorly i f  cr i s  excess ive .  

Jr 
Since  Tm - a decreases  

v 
The mi r ro r  e f f i c i e n c y  a s s o c i a t e d  wi th  any g iven  

pa rabo lo ida l  concen t r a to r  i s  a f u n c t i o n  of t he  r a t i o  of  c a v i t y -  

en t r ance  d iameter  t o  the  s u n ' s  image d iameter .  For a concen t r a to r  

wi th  a p e r f e c t  s u r f a c e ,  a l l  the sun ' s  energy w i l l  be focused i n t o  a 

cav i ty -en t r ance  d iameter  t ha t  i s  abou t  2.8D where D i s  the s u n ' s  

image d iameter  a t  t he  foca l  p lane  de f ined  by 
S S 

D = 2 f s i n  (9 /2)  = .0093 f / r  
S 

where 

8 = 32' a t  r = 1 AU 

D = sun ' s  image d iameter  

f = f o c a l  l eng th  of  c o n c e n t r a t o r  

s 

(3  -23) 

Figure 3-13 shows t h e  maximum mi r ro r -abso rbe r  

e f f i c i e n c y  f o r  s e v e r a l  pa rabo lo ida l  c o n c e n t r a t o r s  a s  a f u n c t i o n  of 

c a v i t y  temperature ,  and i l l u s t r a t e s  the  e f f e c t  o f  va r ious  deg rees  

o f  s u r f a c e  degrada t ion .  Case 1 i s  f o r  a n  i d e a l  c o n c e n t r a t o r  w i t h  

no s u r f a c e  obscura t ion  and a r e f l e c t i v i t y  equa l  t o  0.92 ( t h e  maximum 

ob ta inab le  wi th  aluminum). Cases 2 and 3 a r e  the  r e s u l t a n t  curves  

f o r  va lues  of 0.5 and 0.25 degrees  f o r  the  a n g u l a r  d e v i a t i o n .  

i n d i c a t e d  e a r l i e r  r,m-a i s  very small a t  h igh  temperatures .  

comes c l o s e  t o  having  a p e r f e c t  s u r f a c e  geometry w i t h  a r e f l e c t i v i t y  

A s  

Case 4 

of  0.88 i n s t e a d  of  0.92. 
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CASE 1 I I I 
NO. 

I REFLECTIVITY = 0.92 IDEAL SURFACE GEOMETRY 
NO SURFACE OBSCURATION. 

2 -..--.. REFLECTIVITY = 0.92 CT VALUE FOR ANGULAR 
SURFACE DEVIATION = 0.5  DEGREES 
NO SURFACE OBSCURATION.  

3 .-.-. REFLECTIVITY = 0.92 (T VALUE FOR ANGULAR 
SURFACE DEVIATION =0.25 DEGREES 
NO SURFACE OBSCURATION. 

4 ---- CHARACTERISTICS RESULTING FROM E. 0. S. 
- - 5' CONCENTRATOR. 

FOR ALL CONCENTRATORS 
RIM ANGLE = 6 0 °  

1000 2000 3000 4000 5000 6000 7000 

CAVITY TEMPERATURE PARAMETER r''2 TcaV,(Ad4 OR) 

F I G .  3-13 MIRROR-ABSORBER E F F I C I E N C Y  V S  CAVITY TEMPERATURE 
PARAMETER FOR VARIOUS LEVELS OF ANGULAR SURFACE 
DEVIATION 
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The e f f e c t  of m i s o r i e n t a t i o n  on c o l l e c t o r - a b s o r b e r  

e f f i c i e n c y  becomes more se r ious  a t  t h e  h igher  c a v i t y  temperatures .  

A l i m i t  of  about  30 min. of angular  e r r o r  i s  r equ i r ed  t o  ach ieve  

accep tab le  e f f i c i e n c i e s  a t  c a v i t y  tempera t u r e s  above 2000 K. The 

maximum r i m  a n g l e ,  be fo re  performance becomes s e r i o u s l y  degraded,  

i s  about  60°. 

0 

S p e c i f i c  weights o f  s o l a r  c o l l e c t o r s  a t  p r e s e n t  

appear  to be about  0.5 l b s .  p e r  sq. f t .  f o r  u n i t s  ranging from 5 

f e e t  t o  40 f e e t  i n  diameter .  Figure3-14 g ives  the weights  of  

r e p r e s e n t a t i v e  c o l l e c t o r s  a s  a func t ion  o f  d iameter .  Even though 

the r i g i d  c o l l e c t o r  i s  the heav ie s t  o f  them a l l ,  due to  the accuracy  

inhe ren t  i n  i t s  f a b r i c a t i o n ,  i t  i s  a b l e  to  d e l i v e r  more energy a t  a 

h ighe r  temperature on a p e r  u n i t  weight  b a s i s  than any of  the  o t h e r  

systems. I t  i s  l i k e l y  t h a t  improved techniques and advanced m a t e r i a l s  

may decrease  the s p e c i f i c  weight by a f a c t o r  o f  two i n  the n e a r  f u t u r e ,  

i f  continued emphasis i s  placed on t h i s  a r e a  of development. I t  

appears  reasonable  to  a n t i c i p a t e  t h a t  va lues  of  a i n  the range o f  

2-4 l b s .  p e r  kw w i l l  be achieved f o r  r e l a t i v e l y  h igh  performance 

space mi r ro r s .  

Fig.3-15 i s  a p l o t  of m i r r o r  s i z e  v s  thermal 

c a v i t y  power. The p l o t  i s  obtained from the  r e l a t i o n s h i p ;  
2 Thermal Cavi ty  Power = 102 qm-a ( D m / r )  w a t t s .  (3-24) 

The rap id  inc rease  i n  mi r ro r  s i z e  f o r  a cor respondingly  small 

i nc rease  i n  c a v i t y  thermal power f o r  r T = 4700 and D > 40 

i s  c h a r a c t e r i s t i c  of performance degrada t ion  t h a t  w i l l  r e s u l t  

wi th l a r g e  mi r ro r  s y s t e m s  a t  h igh  tempera tures ,  based on c u r r e n t  

p r o j e c t i o n s  of  s u r f a c e  inaccurac i e s .  

ca v m 

F i g .  3-16 is a p l o t  of maximum t h r u s t  a v a i l a b l e  vs  

mi r ro r  s i z e .  Curves a r e  p l o t t e d  f o r  s p e c i f i c  impulse va lues  of 500 

and 800 sec .  The curves  a r e  a p l o t  o f  t he  r e l a t i o n s h i p  

(3-25) 

which i s  developed from t h e  e a r l i e r  der ived  r e s u l t s  by s e t t i n g  P = 0. 
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3 . 3  Nozzle Performance 

Def in i t i ons :  
t h r u s t  (a c tua 1) 
th rus  t ( idea I) CF = t h r u s t  c o e f f i c i e n t  :- 

I = Measured s p e c i f i c  impulse 
SP 

i d e a l  s p e c i f i c  impulse s p ,  i d  I 

F = t h r u s t ,  lbs .  
1 1 2  = Reynolds Np’ 

(KW-Atm.)l 2 f R  = R / lOOO(WhPo)  e 

W = Power of hydrogen s t ream a t  nozz le  e n t r a n c e ,  KW. 

v F  = Frozen flow e f f i c i e n c y  

v N  = Nozzle energy e f f i c i e n c y  = 

h 

Convent ional  rocke t  nozz le s  can be designed t o  recover  a 

r e l a t i v e l y  l a r g e  f r a c t i o n  of the  a v a i l a b l e  en tha lpy  i n  the  h o t  gas 

stream. Since the s o l a r  rocke t  propuls ion  system i s  i n h e r e n t l y  a 

low t h r u s t  dev ice ,  the nozzle  s i z e  and Reynold‘s number tends t o  be 

cons iderably  sma l l e r  than convent ional  rocke t  nozz les  f o r  many cases .  

Hence, i t  can be  a n t i c i p a t e d  t h a t  v i scous  l o s s e s  dur ing  non i sen t rop ic  

expansion of t he  heated hydrogen can be h ighe r  than normal,  thereby  

reducing the energy e f f i c i e n c y  o f  the system. Some of the work 

performed a t  EOS under AF 04(611)-8181 has  been used i n  the  fo l lowing  

a n a l y s i s  t o  e s t i m a t e  the losses  i n  performance a s s o c i a t e d  wi th  the  

very low t h r u s t  l e v e l s .  

Buhler and Moore (Ref. “Performance of Small Hot Gas 

Expansion Nozzles” EOS RN 13 8-63)  examined t h e  f r i c t i o n a l  and 

cos ine”  l o s s e s  i n  small rocket  nozz les  and der ived  a f i r s t  approxima- I 1  

t i o n  f o r  t h e  t h r u s t  c o e f f i c i e n t ,  CF, as a f u n c t i o n  of Reynold’s number, 

and of t o t a l  nozz le  power a t  nozzle  en t r ance  (see Fig.  3-17) .  The au thor s  
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a l s o  p l o t  a Reynold's number parameter vs .  s t a g n a t i o n  tempera ture ,  

(F ig .  3-18) , and Reynold's number parameter  v s .  f rozen  flow s p e c i f i c  

impulse w i t h  s t a g n a t i o n  p res su re  as  parameter ( F i g .  3-19).  

On examining both  F i g .  3-18 and 3-19, i t  is appa ren t  t h a t  f o r  

t h e  tempera ture  range o€ i n t e r e s t  (2000-2500 K) t h e  p r e s s u r e  dependence 

may be neglec ted  f o r  t h e  curves and r e t a i n e d  only  i n  t h e  Reynold 's  

number parameter. To do t h i s  w e  n o t e  t h a t  f o r  a lmost  any p r a c t i c a l  

s y s t e m  we w i l l  be  concerned wi th  p r e s s u r e s  between 1 and 10 a tmospheres ,  

hence the  average  Sor t h e s e  two curves w i l l  be  a good approximation 

f o r  t h e  type  of systems w e  a r e  cons ide r ing .  

0 

The energy e f f i c i e n c y  w i l l  be  b e s t  i f  t h e  s t a g n a t i o n  p r e s s u r e  

i s  h i g h ,  bu t  t he  s t r u c t u r a l ,  r e l i a b i l i t y ,  and hydrogen d i f f u s i o n  

c o n s i d e r a t i o n s  r e q u i r e  t h e  lowest p o s s i b l e  p r e s s u r e s .  For a n  a c t u a l  

system t h e s e  q u e s t i o n s  pose an  op t imiza t ion  problem which c a n ,  and 

must be r e so lved  only  when more performance d a t a  i s  a v a i l a b l e .  I n  

t h i s  a n a l y s i s  curves w i l l  be  p l o t t e d  f o r  s t a g n a t i o n  p r e s s u r e s  of 1 and 

2 atmospheres t o  i n d i c a t e  the v a r i a t i o n  of Ti w i t h  p r e s s u r e .  N 
With curves and r e l a t i o n s h i p s  in t roduced  l a t e r ,  i t  i s  p o s s i b l e  

to  r e p r e s e n t  t h e  nozz le  energy e f f i c i e n c y  as a f u n c t i o n  of t h r u s t  (wi th  

s p e c i f i c  impulse and p res su re  as pa rame te r s ,  s e e  F i g .  3-20. The r e s u l t s  

show t h a t  s u b s t a n t i a l  performance ga in  may be achieved a t  low t h r u s t  

i f  t h e  a s s o c i a t e d  problems a t  t h e  h ighe r  p r e s s u r e s  can be t o l e r a t e d .  

W e  can express  t h e  thermal  power as  a func t ion  of t h r u s t  and s p e c i f i c  

impulse as fol lows;  

4000-Final  
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From F ig .  3 - 1 9 ,  w e  o b t a i n  a n  express ion  f o r  Reynold's number i n  terms 

of  power; 

(3-27) R = 1000 fR  (Wh Po) 11 2 
e 

Jack ("Theore t ica l  Performance of P r o p e l l a n t s  S u i t a b l e  f o r  E l e c t r o -  

thermal J e t  Engines" John R. Jack ,  ARS J o u r n a l ,  Dec. 1961.) i n d i c a t e s  

t he  f rozen  flow e f f i c i e n c y  f o r  hydrogen q = 1 a t  I < 900 s e c .  and 

p r e s s u r e s  above 1 atm. 

T h e r e f o r e ,  he o b t a i n  t h e  following s i m p l i f i e d  expression;  

F SP 

R e = 1000 fR  [.0218T,: Is P o ]  1/2 (3 -28) 

This e q u a t i o n  used i n  conjunct ion wi th  F i g .  3 - 1 7 , y i e l d s  ilN a s  a 

f u n c t i o n  of t h r u s t  f o r  assumed v a l u e s  of I and P . The c a l c u l a t i o n  

process  i s  simple; assume a Reynold's number and determine r 

F i g .  3-17 assume I 

F i g .  3-19 and f i n a l l y  u s e  the fol lowing form of the  above e q u a t i o n  t o  

c a l c u l a t e  t h r u s t ;  

SP 0 

from IN 
and Po and determine the  parameter 1000 f from 

SP R 

F =  
.0218 I P 

SP 0 

The r e s u l t s  a r e  presented i n F i g .  3-20as a f u n c t i o n  o f  F f o r  

(3 -29) 

I 

F i g .  3-21is a p l o t  of nozz le  energy e f f i c i e n c y  v s .  m i r r o r  s i z e  f o r  

500 and 800 sec. s p e c i f i c  i m p u l s e ,  and under c o n d i t i o n s  of  f u l l  thermal 

recovery.  A s  i s  expected,  the energy e f f i c i e n c y  i n c r e a s e s  wi th  m i r r o r  

s i z e  ( t h r u s t  l e v e l )  and decreases  with s p e c i f i c  impulse. For  a s p e c i f i c  

impulse of  500 sec. , t he  nozzle  energy e f f i c i e n c y  i s  g r e a t e r  than 0.80 

f o r  a 7-foot  d iameter  c o l l e c t o r .  It  i s  e v i d e n t  t h a t  h igh  s p e c i f i c  

impulse systems (800 sec.) a r e  a t t a i n a b l e  wi th  t h e  l a r g e  s p a c e c r a f t  

(and l a r g e r  nozzles)  only.  Thus, f o r  very  low t h r u s t  l e v e l  smaller 

s p a c e c r a f t  (and very small  nozzles) t h e  a t t a i n a b l e  s p e c i f i c  impulse w i l l  

be smaller ( -600 sec.) s i n c e  t h e  upper temperature  i s  f ixed  by 

material l i m i t a t i o n s  and the nozzle  energy e f f i c i e n c i e s  w i l l  be reduced. 

= 500 and 800 sec. and Po = 1 and 2 atm. 
SP 
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3.4 Diode C h a r a c t e r i s t i c s  

Thermionic d iodes  opera te  on the  p r i n c i p l e  wherein h o t  

su r f aces  emit  e l e c t r o n s  according t o  Richardson 's  equa t ion .  

s u r f a c e s  a t  d i f f e r e n t  temperatures ,  and e m i t t i n g  e l e c t r o n s  a t  

d i f f e r e n t  ra res a r e  connected through a n  e x t e r n a l  c i r c u i t ,  then an  

e l e c t r i c  c u r r e n t  w i l l  flow. The f i r s t  s t e p  towards g e t t i n g  u s e f u l  

amounts of e l e c t r i c  power out  of  such a device  i s  to  t r y  t o  e l i m i n a t e  

the space charge which tends t o  develop between an anode and a 

cathode of  such a device .  The most accepted  method used a t  t he  

p r e s e n t  t i m e  i s  a source o f  p o s i t i v e  i o n s  (cesium) in t roduced  i n  

the  i n t e r e l e c t r o d e  gap and used t o  n e u t r a l i z e  the  excess  e l e c t r o n s  

forming the space charge.  Under cond i t ions  where the  space charge 

i s  assumed t o  be n e g l i g i b l e ,  the diode e f f i c i e n c y  i s  g iven  by 

When 

- - ('c - *A) J e x t  ( 3  -30) 
YD 

J e x t  (eC + 2 k TC) + Qstr + Qr + Qcesium 

Jc,JA = cathode and anode c u r r e n t  r e s p e c t i v e l y  a s  given by 

J 

Richardson'  s equat ion  . 
= e x t e r n a l  c u r r e n t  . 
= cathode and anode work func t ions  r e s p e c t i v e l y .  

e x t  

k = Boltzman cons tan t  . 
= h e a t  conducted away from cathode to  anode by cesium 

= h e a t  l o s t  by r a d i a t i o n  from cathode to  anode. 

= heat'  conducted away from cathode by suppor t  s t r u c t u r e s .  

= a b s o l u t e  temperature o f  cathode face.  

Qce s i u m  vapor .  

Qr 

Qst r  

Tc 
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The output  v o l t a g e  i s  p r o p o r t i o n a l  t o  (@c - eA) .  To 

a c h i e v e  a highly e f f i c i e n t  thermionic  d i o d e ,  (4c - @*) should be 

made as l a rge  as p o s s i b l e ,  JA should be a small f r a c t i o n  of Jc, 

Q ce s ium r 
des ign  of a diode c a r e  h a s  t o  be taken  t o  exclude any  f o r e i g n  gases  

t h a t  may tend to  u p s e t  t h e  n e u t r a l i z i n g  e f f e c t  o f  t h e  cesium i o n s .  

The des ign  must a l s o  be such t h a t  t h e  proper  spac ing  r e s u l t s  a t  t h e  

o p e r a t i n g  temperature. The cathode and anode m a t e r i a l s  must a l s o  

be such t h a t  they  have low vapor p r e s s u r e s  and so prevent  a b u i l d  up 

of one on the o t h e r .  During o p e r a t i o n  t h e  e l e c t r o d e s  must n o t  

undergo changes i n  c r y s t a l  o r i e n t a t i o n  or growth t h a t  may a d v e r s e l y  

e f f e c t  t h e  diode performance. 

and Q should a l l  be made a s  s m a l l  a s  p o s s i b l e .  I n  the  

Figure 3-22 i s  a p l o t  of  themi tonic  diode performance v s  

emitter temperature.  Although a diode e f f i c i e n c y  of 20 p e r c e n t  i s  

i n d i c a t e d  a t  3400°F, such a system cannot  p r e s e n t l y  be b u i l t  t o  

o p e r a t e  over any prolonged per iod  of t i m e  due t o  m a t e r i a l s  l i m i t a t i o n s ,  

and systems for miss ions  contemplated i n  t h i s  r e p o r t  a r e  expected t o  

have a n  e f f i c i e n c y  of  approximately 10-15 p e r c e n t  a t  emitter tempera- 

t u r e s  of about  3100 F. 0 

Figure 3-23 i s  a r e c e n t  photo of  a s o l a r  energy thermionic  

genera t o r  system b u i l t  by EOS f o r  t h e  J e t  Propuls ion  Labora tory  

(JPL PO 950349). When t e s t e d  w i t h  a tungs ten  e l e c t r o n  bombardment 

source ,  t h i s , s y s t e m  d e l i v e r e d  a lmost  60 wat t s .  With a s o l a r  energy 

source a t  1.0 AU i n  space,  t he  o v e r a l l  performance o f  a s imi l a r  

u n i t  employing a d d i t i o n a l  d iodes  should r e s u l t  i n  a n  o u t p u t  of  about  

150 w a t t s  with a f i v e  (5) f o o t  d iameter  c o l l e c t o r .  

3.5 Energy Storage 

Due t o  t h e  h igh  o p e r a t i n g  temperature  o f  t h e  SOHR-SET system, 

i t  would be d e s i r a b l e  t o  e l i m i n a t e  thermal  c y c l i n g  i n  o r d e r  t o  prevent  

t h e  reduced o p e r a t i o n a l  l i f e  which i s  a consequence o f  such c y c l i n g .  , 

I f  t h e r e  i s  no energy s t o r a g e  mechanism thermal c y c l i n g  w i l l  occur  

i f  the space c r a f t  passes  through the shadow of  t h e  e a r t h  o r  o t h e r  
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FIG.  3-23 SOLAR ENERGY THERMIONIC GENERATOR (Bu i l t  by EOS f o r  
J e t  P ropu l s ion  Laboratory)  
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p l a n e t ,  o r  i f  t h e r e  i s  a momentary m i s o r i e n t a t i o n  of the s o l a r  

c o l l e c t o r .  I f  energy i s  s tored  i n  the c a v i t y ,  then c y c l i n g  can be 

damped o u t  by the h e a t  r e s e r v o i r .  

There a r e  th ree  bas i c  requirements  f o r  energy s t o r a g e  

devices .  

1. High c a p a c i t y  i n  terms of energy s t o r e d  pe r  u n i t  

weight  and volume. 

The c a p a b i l i t y  of many charge  and d i scha rge  c y c l e s  

wi thou t  degradat ion.  

2. 

3 .  Discharge c h a r a c t e r i s t i c s  may vary on ly  s l i g h t l y  wi th  

temperature  and load.  

Among the p o s s i b l e  methods of  energy s t o r a g e  a r e  h e a t  s to rage  by 

thermal c a p a c i t y ,  o rde r -d i so rde r  t r a n s i t i o n s ,  h e a t  o f  f u s i o n ,  h e a t  

of  v a p o r i z a t i o n ,  thermochemical r e a c t i o n ,  h e a t  of sub l ima t ion ,  

c a p a c i t o r s ,  b a t t e r i e s ,  r egene ra t ive  f u e l  c e l l s .  O f  t h e s e ,  h e a t  of 

f u s i o n  dev ices ,  b a t t e r i e s ,  and f u e l  c e l l s  appear  t o  be the  most 

promising systems. When one cons ide r s  that with c y c l i c  o p e r a t i o n ,  

a v a i l a b l e  b a t t e r i e s  have a n  energy s to rage  c a p a c i t y  of on ly  5-10 

w a t t s - h r s / l b ,  and the  r egene ra t ive  f u e l  c e l l  c a p a c i t y  i s  p r o j e c t e d  

a t  approximately 20-30 wa t t -h r s / lb . ,  then t h e s e  two s t o r a g e  systems 

would compete wi th  thermal energy s t o r a g e  by h e a t  of  fu s ion  (TES) , 
under c e r t a i n  s p e c i a l  condi t ions  on ly  (on  a weight  bas i s ) .  

followiiig s i i i j p l i f i e d  ana lys i s  w i l l  i i ldica ie iiie crossover  po in t  for 

comparative weights  between the e l ec t rochemica l  s t o r a g e  v e r s u s  the  

thermal s t o r a g e  f o r  a complete system. The system weight  can be 

descr ibed  by the fol lowing expression:  

The 

(3-31) 
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where: 

P = Power, w a t t s  

= Energy c o n v e r t e r  s p e c i f i c  power, w a t t s / l b .  

= Discharge d u r a t i o n ,  hours  tD 

tC = Charge d u r a t i o n ,  hours  

o u t  u t  
i n p u t  

71 = E f f i c i e n c y ,  o f  s t o r a g e  system 

= Storage  system c a p a c i t y ,  w a t t - h r s . / l b  

Tine crossover  p o i n t  f o r  e l e c t r o c h e m i c a l  v e r s u s  thermal s t o r a g e  can 

be e s t a b l i s h e d  from t h e  fol lowing r e l a  t ionship :  

1 - - 
"thermal - 1 - 1 

aqBtC qTtC ' 'Bat tery 

where 
E l e c t r i c a l  Output 

e = Energy Converter  E f f i c i e n c y ,  Thermal I n p u t  

I n  most cases t h i s  e x p r e s s i o n  can be  approximated by: 

= 'Ba t tery 
8 

'The ima 1 

(3-32)  

( 3  - 3 3 )  

Therefore ,  the thermal s t o r a g e  w i l l  be s u p e r i o r  t o  the  e lec t rochemica l  

on a weight b a s i s  f o r  a lmost  a l l  c a s e s  where t h e  h e a t  o f  f u s i o n  i s  

a t  l e a s t  ten t i m e s  ( e  = 10%) the energy t o  weight  r a t i o  o f  t h e  

b a t t e r y .  This appears  t o  be the c a s e  f o r  a v a i l a b l e  o r  a n t i c i p a t e d  

secondary b a t t e r i e s ,  and a lmost  a l l  h e a t  of f u s i o n  m a t e r i a l s  c u r r e n t l y  

under eva lua t ion .  O f  c o u r s e ,  the thermal  s t o r a g e  en joys  t h e  a d d i t i o n a l  

advantage o f  minimizing thermal c y c l i n g  problems. A f u r t h e r  reason 

f o r  choosing TES i s  t h a t  i t  i s  p o t e n t i a l l y  a s impler  and i n h e r e n t l y  

more r e l i a b l e  device once the m a t e r i a l s  c o m p a t i b i l i t y  problem i s  solved.  

Consider  a system u t i l i z i n g  TES. Then, 

E 
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ES = r a t e  a t  which energy i s  used by SOHR-SET 

ET = ra te  a t  which energy i s  withdrawn by TES 

Q = r a t e  a t  which energy i s  absorbed i n  c a v i t y  

fT  = energy s torage  f a c t o r  

WT = Weight o f  TES material 

HT = Energy s torage  c a p a c i t y  o f  TES material 

f = S t r u c t u r a l  facfor f o r  TES system 
S 

For a 300 nm c i r c u l a r  o r b i t ;  

5 = .59 h r .  

= 1.59 h r s .  

and f o r  the 24 h r .  synchronous o r b i t ;  
tC 

t,, = 1.16 h r s ,  

tC = 22.84 hrs. 

hence 

fT  = 0.629, 300 nm o r b i t  

= 0.948, synchronous o r b i t  

Purdy has shown ( B a t u t i s  and Purdy "Thermal Energy Storage  For 

Thermionic Conversion") t h a t  a t  l eas t  f o r  one TES system des ign  

concept ,  the  optimum oxide con ten t  f o r  ceramic oxide-molybdenum 

combinations i s  approximately 0.90. Though t h i s  d e s i g n  i s  by no 

means the  yltimate, i t  n e v e r t h e l e s s  i n d i c a t e s  a va lue  f o r  des ign  

purposes.  

oxide conten t .  An oxide with a h e a t  of f u s i o n  of  200 wat t  h r s / l b  

y i e l d s  an oxide-molybdenum mat r ix  wi th  the  c a p a b i l i t y  of 135 w a t t - h r s / l b  

( t h e s e  a s p e c t s  are d iscussed  i n  g r e a t e r  d e t a i l  l a t e r  on i n  t h i s  s ec t ion )  

I f  t he  s t r u c t u r a l  f a c t o r  i s  1.10, then one may charge t o  TES a 

%/fs of 110 w a t t  h r s / l b .  

To be conse rva t ive ,  t h i s  a n a l y s i s  w i l l  b e  based on a 85% 

For a n  o r b i t  r a i s i n g  miss ion ,  t h e  power r e d u c t i o n  due t o  TES 

g r e a t e s t  t h e r e ) ,  bu t  t h e  i s  g r e a t e s t  a t  t h e  park ing  o r b i t  l e v e l  (r / t  

energy s t o r e d  i s  l e a s t  t he re  (t i s  smallest t h e r e ) . F o r  a 300 n.mi. park-  
D C  

C 
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i n g ,  t h e  amount of power withdrawn f o r  s t o r a g e  is  - 7 t i m e s  g r e a t e r  

than  t h a t  withdrawn f o r  a s p a c e c r a f t  i n  a 24 h r  synchronous o r b i t ,  

whereas t h e  TES System weight r e q u i r e d  i n c r e a s e s  by a f a c t o r  of  t h r e e .  

An important i m p l i c a t i o n  o f  t h e s e  r e s u l t s  i s ,  t h a t  i n  o r d e r  t o  f u l l y  

u t i l i z e  a l l  t h e  energy absorbed by t h e  system, t h e  i d e a l  t h r u s t  f o r  

o r b i t  l i f t i n g  with TES, i s  no t  a cons tan t  t h r u s t ,  but  a n  e v e r  i n c r e a s -  

ing t h r u s t ,  which i s  a f u n c t i o n  of t h e  s p a c e c r a f t  a l t i t u d e  from e a r t h .  

There a r e ,  of c o u r s e ,  system c o n s i d e r a t i o n s  such as added complexi ty  

which may r u l e  out  t h e  v a r i a b l e  t h r u s t  approach.  One of  t h e  d e s i r a b l e  

a s p e c t s  of  a SOHR-SET system i s  i t s  s i m p l i c i t y ,  and t h i s  must never  be 

compromised. 

U t i l i z i n g  t h e  formulae developed e a r l i e r  we f i n d  t h a t ,  

= E t D / ( 7 ] H  / f  ) = 0.0105 Es wT S T s  
f o r  24 h r  o r b i t  and 1 = 1 

Hence, f o r  a 24 h r  o r b i t  

(weight TES system, l b s ) / w a t t s  absorbed by c a v i t y  = 

WT/(Es/fT) = 0.00661 

and f o r  1 = 0 .70  m-a 
(weight TES System, l b s ) / w a t t s  f a l l i n g  on system = 

( 3  -35) 

0.00661\ = 0.00462 -a 
I n  the d e s i g n  o f  TES systems,  some g e n e r a l  problem a r e a s  a r e  

e v i d e n t .  These a r e ;  

1. D i f f u s i o n  to  o r  from t h e  TES m a t e r i a l .  

2 .  R e a c t i v i t y  o f  the TES material. 

3 .  S p e c i f i c  energy s t o r a g e  c a p a c i t y .  

4 .  Thermal c o n d u c t i v i t y  o f  TES m a t e r i a l .  

5. Containment m a t e r i a l  vapor p r e s s u r e  and g r a i n  growth. 

I t  i s  o b j e c t i o n a b l e  t o  have d i f f u s i o n  t o  o r  from t h e  TES m a t e r i a l  i f  

i t  adverse ly  a f f e c t s  t h e  f u n c t i o n i n g  o f  t h e  system. D i f f u s i o n  could 

conceivably a l t e r  t he  s t a b i l i t y  of t h e  ceramic oxide ,  o r  a f f e c t  t h e  

f u n c t i o n i n g  of  t h e  thermionic d iodes .  
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The r e a c t i v i t y  o f  the TES-containment v e s s e l  system m u s t  

d e f i n i t e l y  no t  be apprec i ab le  ove r  the p ro jec t ed  l i f e  t i m e  of t he  

system. Unfor tuna te ly ,  t he re  i s  no method a v a i l a b l e  f o r  p r e d i c t i n g  

c o m p a t i b i l i t y ,  the b e s t  t h a t  may be done i s  t o  p r e d i c t  i n c o m p a t i b i l i t y  

based on f r e e  energy d a t a ,  and then sc reen  s u c c e s s f u l  cand ida te  TES 

systems by t e s t i n g .  

The energy s t o r e d  per u n i t  TES system weight  depends on 

the  energy s to rage  c a p a c i t y  of the  TES mater ia1,and t o  a c e r t a i n  

e x t e n t  i n  the  des ign  concept  used. TES m a t e r i a l s  should be pure 

compounds, e u t e c t i c s ,  o r  a t  l e a s t  have " e s s e n t i a l l y  congruent" 

me l t ing  p o i n t s .  These m a t e r i a l s  w i l l  most l i k e l y  be mixtures  of  
- - - L - Z -  1 .,I..& -A&... -..- c c L  L a A i I  i i g i i L  iiic:a1 Lwurpvuud~ (the ~ t a b l e  ~ ~ i d e s ,  MgO, BcC!, CaG, 

A 1  0 ) o r  the s t a b l e  l i gh t -me ta l  compounds themselves.  The need 

f o r  s t a b l e  compounds i s  ev iden t ,  and the  l i g h t - m e t a l  requirement  i s  

a consequence t h a t  t hese  metals  o r  t h e i r  compounds g ive  h igh  h e a t s  

2 3  

of  fus ion  p e r  u n i t  weight .  Tables 3-1 and 3-2 l i s t  some phys ica l  

p r o p e r t i e s  o f  ceramic oxides  o f  i n t e r e s t  t o  TES system des ign .  These 

oxides  have low vapor p re s su re ,  and a t  l e a s t  one,  3 BeO-2Mg0 i s  

be ing  developed a s  a TES m a t e r i a l .  Note t h a t  q u i t e  a b i t  o f  work 

remains t o  be done on qua ternary  systems. It i s  p o s s i b l e  t h a t  

promising e u t e c t i c s  may be found among them. 

Tungsten-Rhenium a l l o y s  a re  c u r r e n t l y  being developed f o r  

u s e  w i th  the above ceramic-oxide materials,  and t h i s  a r e a  o f  i n v e s t i -  

g a t i o n  shows g r e a t  promise ( t h i s  ma t t e r  w i l l  be d i scussed  l a t e r ) .  

It should be noted t h a t  such f a c t o r s  as i m p u r i t i e s ,  g r a i n  growth, and 

vapor p re s su re  are ve ry  important  c o n s i d e r a t i o n s  f o r  TES c o n t a i n e r  

materials. It i s  d e s i r a b l e  t h a t  t h e  vapor p re s su re  be less 

than  mm Hg, and these  vapors should d e f i n i t e l y  n o t  have a n  

adverse  e f f e c t  on the s t r u c t u r a l  i n t e g r i t y  of any  of  the c a v i t y  o r  

diode elements  which i t  may contac t .  

con ta in ing  t h e  TES m a t e r i a l ,  i t  i s  proposed t h a t  the  m a t e r i a l  b e  

used i n  a n  encapsula ted  s t a t e .  A technique f o r  a c h i e v i n g  t h i s  

A s  a p o s s i b l e  means o f  
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would be t o  coa t  small low d e n s i t y  p a r t i c l e s  o f  t h e  m a t e r i a l  w i t h  a 

h igh  mel t ing  p o i n t  m a t e r i a l  such a s  molybdenum, then f i l l  the  s t o r a g e  

con ta ine r  with the  m a t e r i a l  and compress under h igh  p res su re  t o  a 

dense s t a t e .  The need f o r  t h i s  type  of TES became appa ren t  a f t e r  

reading  the  G.E. Ana lys i s  ( B a t u t i s  and Purdy) even though i t  was 

n o t  suggested by the  a u t h o r s  i n  the  a n a l y s i s .  The i n i t i a l  low 

d e n s i t y  requirement i s  necessa ry  s o  t h a t  when compressed, t he  

p a r t i c l e s  w i l l  deform and pack dense ly  t h i s  e n s u r i n g  i n t i m a t e  

c o n t a c t  between meta l  coa t ings .  Under t h e s e  circum- 

s t a n c e s ,  t h e  des ign  m u s t  be such that dur ing  f a b r i c a t i o n ,  the volume 

a v a i l a b l e  t o  TES m a t e r i a l  i s  the  maximum va lue  t h a t  the TES material 

w i l l  a ch ieve  i n  use.  I f  t h i s  be the  c a s e ,  then volume change d u r i n g  

c y c l i n g  w i l l  no longer  be of  major concern.  

Fig.  3 -24 shows t h e  improvement i n  g ross  thermal  c o n d u c t i v i t y  

t h a t  may be achieved i n  such a scheme. Note t h a t  even though the 

s t o r a g e  capac i ty  dec reases  wi th  oxide c o n t e n t  i n  the range of  ox ide  

con ten t  of  i n t e r e s t ,  say  0.5-0.9, the thermal  c o n d u c t i v i t y  i n c r e a s e s  

a t  a much f a s t e r  r a t e  than  the  r a t e  of dec rease  of energy s t o r a g e  

c a p a c i t y .  It i s  expected tha t  such systems w i l l  y i e l d  more than 

100 w a t t - h r s / l b  i n  the  f a b r i c a t e d  s t a t e .  This  seems reasonable  when 

one cons iders  t h a t  t h e  TES m a t e r i a l  p e r  se can be expected t o  y i e l d  

s t o r a g e  c a p a c i t i e s  i n  the 180 t o  260 w a t t - h r s / l b  range. 

One of  t h e  most promising cand ida te s  f o r  TES a p p l i c a t i o n ,  

3 BeO-2Mg0 has s o  f a r  wi ths tood  1196 h r s  a t  temperature  ( M P  = 2120°K, 

264 w a t t  h r s / l b )  w i thou t  evidence o f  the  tungsten-rhenium c o n t a i n e r  

being chemical ly  a t t a c k e d  (E.F. B a t u t i s  , " S t o r i n g  Thermal Energy" , 
A s t r o n a u t i c s  and Aerospace Engineer ing ,  May, 1963).  Tests a t  and 

exceeding the 5000 hr .  l e v e l  a re  planned. 

To recover  the energy from the  s t o r e d  s t a t e ,  both conduct ion  

and r a d i a t i o n  pa ths  must be cons idered .  I t  i s  conce ivable  t h a t  t he  

c o i l s  may be brought  i n  c o n t a c t  with the  m a t e r i a l  t o  f a c i l i t a t e  h e a t  

t r a n s f e r  dur ing  earth-shadow opera t i o n ,  o r  t h i s  may be u n d e s i r a b l e  

due to  the e f f e c t s  o f  d i f f u s e d  hydrogen on the  TES system. 
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FRACTION CERAMIC OXIDE 

FIG. 3-24  THERMAL CONDUCTIVITY, DENSITY,  AND HEAT 
OF FUSION OF MIXTURES OF MOLYBDENUM AND 
CERAMIC OXIDES 
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4 .  DESIGN STUDY OF COMBINED CAVITY ABSORBER 

4 . 1  I n t r o d u c t i o n  

There a r e  fou r  important  subsystems i n  the d e s i g n  o f  a 

combined c a v i t y  absorber .  

1. The c a v i t y  e n t r a n c e  f l u x  c o n t r o l  and a p e r t u r e  p l a t e .  

2 .  The thermal r e g e n e r a t i o n  system. 

3 .  The d iodes .  

4 .  The thermal energy s t o r a g e  system. 

4.2 Cavity Ent rance ,  Flux C o n t r o l ,  and Top P l a t e  C o n s i d e r a t i o n s  

The c a v i t y  e n t r a n c e  can be designed a s  a f l a t  p l a t e  a b s o r b e r  

so t h a t  any s t r a y  incoming r a d i a t i o n  can be  u t i l i z e d  a s  a p r e - h e a t  

system f o r  the gas e n t e r i n g  the c a v i t y .  It i s  a n  a l t e r n a t i v e  t o  the  

c o n i c a l  f l u x  t r a p  concept.  

With regards  to  f l u x  c o n t r o l ,  i t  appears  t h a t  a r a t h e r  

v e r s a t i l e  f l u x  f l a p  i s  requi red .  I f  the s p a c e c r a f t  d i s t a n c e  from 

t h e  sun i s  c o n s t a n t l y  changing, then t h e  flu:: f l a p s  must be capable  

of  a d j u s t i n g  the  c a v i t y  a p e r t u r e  d iameter  o r  the e f f e c t i v e  c a v i t y  

diameter  accord ingly ,  s i n c e  both  the s u n ' s  image diameter  and t h e  

s o l a r  r a d i a t i o n  i n t e n s i t y  a r e  f u n c t i o n s  o f  d i s t a n c e  from t h e  sun. 

During t h e  per iod of t i m e  when the  SOHR-SET i s  r e c e i v i n g  i t s  energy 

from i t s  hea t  r e s e r v o i r ,  t he  i d e a l  c o n d i t i o n  i s  to  have the c a v i t y  

opening closed.  Hence, n o t  on ly  should the system be  capable  of 

modulating s o l a r  i n f l u x  t o  t h e  c a v i t y ,  b u t  i t  should a l s o  be capable  

of l i t e r a l l y  c l o s i n g  o f f  t h e  c a v i t y  e n t r a n c e  d u r i n g  dark  t i m e  t o  

conserve the thermal energy s t o r e d .  F igure  4-1 

i n d i c a t e s  the manner i n  which t h e  c a v i t y  opening must be a d j u s t e d  

f o r  opera t ion  i n  space a t  d i f f e r e n t  s o l a r  d i s t a n c e s .  

c o n s t a n t  energy withdrawal  from t h e  c a v i t y ,  t h e  a p e r t u r e  ad jus tment  

Note,  t h a t  f o r  
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c o n t r o l  may be achieved by blocking o f f  i n c i d e n t  f l u x  o r  defocus ing  

the c a v i t y ,  b u t  t h a t  c o n t r o l  could a l s o  be  achieved by opening up 

the  c a v i t y  en t rance .  For most a p p l i c a t i o n s  , blocking  of i n c i d e n t  

f l u x  o r  defocusing t h e  c a v i t y ,  appear  t o  be among the more p r a c t i c a l  

means of achieving f l u x  c o n t r o l .  For  a m i s s i o n  t o  0.3 AU t h e  

optimum a p e r t u r e  diameter  i n c r e a s e s  by a f a c t o r  of 4.5 f o r  t he  

optimum cons tan t  e f f i c i e n c y  case, where a s  f o r  a miss ion  t o  2 AU 

t he  optimum c a v i t y  e n t r a n c e  d iameter  i s  now reduced t o  approximate ly  

0 . 4  t h e  i n i t i a l  va lue .  

I t  i s  conceivable  t o  des ign  a f l a p  by having the c a v i t y  

temperature o p e r a t e  a v e r n i e r - l i k e  p o s i t i o n i n g  mechanism, and by 

having the presence o r  absence of s t r a y  f l u x  on t h e  top p l a t e  o p e r a t e  

a normally closed device .  C u r r e n t  des ign  p r a c t i c e  i s  t o  make t h e  

c a v i t y  en t rance  diameter  approximately 1 p e r c e n t  o f  t h e  c o l l e c t o r  

d iameter ,  when o p e r a t i n g  a t  1.0 AU. 

4.3 D e s i m  Cons idera t ions  f o r  t h e  Hydrogen Heat  T r a n s f e r  C o i l s  

I n  t h e  c a v i t y ,  the hydrogen i s  hea ted  by p a s s i n g  i t  through 

tungs ten ,  molybdenum, rhenium, o r  rhenium a l l o y  c o i l s  which a r e  

hea ted  by the r e r a d i a t i o n  i n  the c a v i t y ,  and by the d i r e c t  impinge- 

ment of t he  incoming s o l a r  r a d i a t i o n .  The c o i l s  must be a r ranged  

i n  the  c a v i t y  i n  such a f a s h i o n  t h a t  t h e  h o t t e s t  p o i n t  occurs  a t  

t h e  p o i n t  of e x i t  of  t h e  gas stream. I n  o r d e r  t o  do t h i s ,  t h e  c o i l  

geometry becqmes very important  s i n c e  t h i s  determines the l o c a l  

i n t e n s i t y  of the i n c i d e n t  s o l a r  r a d i a t i o n ,  The i n c i d e n t  s o l a r  

r a d i a t i o n  f o r  a h e a t i n g  c o i l  arrangement a s  shown i n  Fig.4-2 is: 
n 

(4-1) 
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where 

Q s  = i n c i d e n t  s o l a r  r a d i a t i o n  p e r  u n i t  a r e a  

f = foca l  l eng th  of  c o l l e c t o r  

Ro = l eng th  of r a d i u s  vec to r  from f o c a l  p o i n t  t o  

a = h a l f  a n g l e  o f  c o n i c a l  s u r f a c e  on which c o i l s  l i e  

e = ang le  between c a v i t y  a x i s  and l i n e  from f o c a l  p o i n t  t o  

p o i n t  under c o n s i d e r a t i o n  

(a = 0 f o r  c y l i n d r i c a l  c a v i t y )  

p o i n t  under cons ide ra t ion  

The va lue  of a i s  u s u a l l y  chosen as 30 degrees  to  minimize the c o i l  

l e n g t h ,  the maximum f l u x  on a 30 degree  c o i l  i s  g iven  by 

2 
m 0.445 4 f  Hq - - 

R2 30 0 
I M X  

Qs 
( 4 - 2 )  

For a c o i l  design u t i l i z e d  a s  pe r  F ig ,  4-2 , t he  i n t e n s i t y  o f  the 

i n c i d e n t  s o l a r  r a d i a t i o n  decreases  a s  t h e  d i s t a n c e  from the  f o c a l  plane 

i n c r e a s e s .  From a h e a t  balance about  the element of the e x i t  s e c t i o n  

of  the hea t ing  c o i l  r e c e i v i n g  the most i n t e n s e  s o l a r  r a d i a t i o n ,  i t  can 

be shown t h a t  

Q, M as Q s  zz h (Twe - Tb) 

where 

Q, = energy t r a n s f e r r e d  t o  hydrogen 

0. = a b s o r p t i v i t y  a t  s o l a r  wavelengths 
S' 

h = h e a t  t r a n s f e r  c o e f f i c i e n t  

we T = w a l l  temperature  a t  e x i t  

Tb = hydrogen bulk temperature  a t  o u t l e t ,  4000°R 

I f  w e  assume: 

= 400°R Twe - Tb 

400 -- 
Q s -  a m a s  
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c 

R 
I 

For laminar  flow (and t h i s  i s  u s u a l l y  the case), the h e a t  t r a n s f e r  

c o e f f i c i e n t  i s  approximately,  

- (0.78) 

whe re 

d t  

% = thermal conduct iv i ty  of hydrogen a t  4000°R 

tube i n t e r n a l  d iameter  

x .58 

hence maximum a l lowab le  value of Q i s  
S 

- (0.78) (Twe/Tbe)] 

where Q i s  g iven  by equat ion 4-2. 
S max 

( 4  -5) 

( 4 - 6 )  

I f  t hese  r e l a t i o n s h i p s  a r e  used, t he  gene ra l  cavi ty-hea t exchanger 

conf igu ra t ion  can be est imated f o r  s a f e  AT a c r o s s  the  h e a t  t r a n s f e r  

boundary. Within l i m i t s ,  t h i s  r e p r e s e n t s  a r e l a t i v e l y  s imple technique 

f o r  e s t ima t ing  s i z e  and geometry t o  p r o t e c t  a g a i n s t  "hot spots"  and 

subsequent burnout.  I n  p r a c t i c e ,  t h i s  more conse rva t ive  c a v i t y  des ign  

might be  r e f ined  t o  reduce the o u t s i d e  s u r f a c e  a r e a ,  thereby  dec reas ing  

thermal l o s s e s  and improving o v e r a l l  e f f i c i e n c y .  
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4.4 I n t e g r a t i o n  of t h e  Thermionic Diodes 

Two major c o n s i d e r a t i o n s  d i c t a t e  t h e  manner by which t h e  

thermionic diode i s  incorpora ted  i n  a combined c a v i t y  a b s o r b e r .  

One c o n s i d e r a t i o n  i s  t h e  f a c t  t h a t  t h e  thermionic  diode emitter 

f ace  opera tes  a t  a temperature  which may be  a s  much a s  1,000 R 

less than  t h e  optimum f o r  t h e  SOHR a s p e c t  of t h e  d e s i g n ;  hence,  some 

method must be found t o  d e l i v e r  h e a t  t o  t h e  emitter f a c e  of t h e  

thermionic diode a t  a lower tempera ture .  The second c o n s i d e r a t i o n  

i s  coupled with t h e  f i r s t  and is  t h e  requirement  t h a t  t h e  tempera- 

t u r e  on t h e  emit ter  f a c e  must be uniform.  These c o n s i d e r a t i o n s  r u l e  

a g a i n s t  p lac ing  t h e  diodes i n  t h e  forward p a r t  of  t h e  c a v i t y ; *  h e r e  

t h e  d i r e c t  s o l a r  r a d i a t i o n  i s  most i n t e n s e  and t h e  v a r i a t i o n  s t e e p e s t .  

The d iodes  should be placed i n  t h e  r e a r  of t h e  c a v i t y  p r e f e r a b l y  i n  

t h e  shadow o f  t h e  c o i l s  and t h e  thermal energy s t o r a g e  c o n t a i n e r s  

(Fig 4 - 2 ) .  

0 

To t r a n s f e r  the h e a t  t o  the e m i t t e r  f a c e  a t  a temperature  

d i f f e r e n c e  a s  high a s  l , O O O O R ,  s e v e r a l  g e n e r a l  approaches have been 

considered.  Two of these  approaches are  shown i n  Fig.  4-3. These 

approaches can be  used i n  conjunct ion  w i t h  t h e  convent iona l  type 

d iode  conf igura t ion  i n  which both  t h e  emi t t e r  and the  c o l l e c t o r  a r e  

o f  p lane  geometry. The h e a t  t r a n s f e r  i s  accomplished by conduct ion 

o r  combination o f  conduct ion and r a d i a t i o n .  

An a l t e r n a t e  approach i s  to  use t h e  h e a t  exchanger a s  a 

" r a d i a t i n g  wall" t o  t r a n s f e r  energy t o  a series o f  c y l i n d r i c a l  d iodes  

which comprise the  o u t e r  w a l l  of t h e  c a v i t y .  

+:It i s  p o s s i b l e  t o  choose t h e  geometry o f  t h e  h e a t  conduct ion p a t h  
s o  t h a t  t h e  temperature  on t h e  
t h e  temperature v a r i a t i o n  

emitter f a c e  is  uniform even though 
might be s e v e r e  on t h e  c a v i t y  s i d e .  
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I n  F i g .  4-3a,  t he  h e a t  i s  f i r s t  t r a n s f e r r e d  by r a d i a t i o n  

from the cav i ty  t o  the  s u r f a c e  of  the thermal r e s i s t a n c e  e lement ,  

then conducted wi th  the requi red  temperature  drop  to  the diode 

e m i t t e r  element. The requi red  emit ter  drop a c r o s s  the r e s i s t a n c e  

element may be l a r g e  o r  s m a l l  depending upon t h e  f r a c t i o n  o f  the  

temperature drop which occurs  a s  a consequence of the  r a d i a t i v e  

h e a t  t r a n s f e r  t o  the  su r face  of the thermal r e s i s t a n c e  element.  

The temperature drop due to  r a d i a t i v e  h e a t  t r a n s f e r  w i l l  be l a r g e  

i f  the e m i s s i v i t y  o f  the thermal r e s i s t a n c e  element  i s  small, and 

small i f  the converse i s  the  case.  I f  the e m i s s i v i t y  o f  t he  thermal 

r e s i s t a n c e  element i s  a s  l a r g e  a s  0.9,  then s u b s t a n t i a l l y  a l l  of 

the temperature drop may occur  a c r o s s  the thermal r e s i s t a n c e .  

Whereas, i f  t h e  e m i s s i v i t y  i s  smal l ,  s a y  0.3, then s u b s t a n t i a l l y  

a l l  the  temperature may occur  as a consequence o f  r a d i a t i o n  from 

t h e  c a v i t y  to the s u r f a c e  of the r e s i s t a n c e  element .  The d e r i v a -  

t i o n  of the equat ions  from which these  conc lus ions  were drawn a r e  

shown below. From a h e a t  balance about  the  wal l  f ace  of  the 

r e s i s t a n c e  element 

T =  

T =  

W 

W 

T ,= 

T =  e 

QD - 

C 

- 

Q, = 

a =  
S 

o =  

a b s o l u t e  temperature  of e m i t t e r  f ace  

diode h e a t  f l u x  

i n c i d e n t  s o l a r  r a d i a t i o n  

a b s o r b t i v i t y  a t  s o l a r  wavelengths 

Stefan-Boltzmann c o n s t a n t  

( 4 - 7 )  

a b s o l u t e  w a l l  temperature  of  thermal r e s i s t a n c e  
element 

a b s o l u t e  c a v i t y  temperature  

6 = e m i s s i v i t y  of w a l l  o f  thermal  r e s i s t a n c e  element 
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hence 

k =  m 

AT = 

X’ = 

- 1 AT - 
X 

r e s i s t a n c e  element e m i t t e r  

k - AT 
X 

thermal c o n d u c t i v i t y  ( equ iva len t )  

temperature  drop 

l eng th  o f  h e a t  t r a n s f e r  pa th  

0 

(4 -8) 

(4-9) 

(4-10) 

D In p r a c t i c e  Q - diode ou tpu t  per u n i t  area - 
diode e f f i c i e n c y  

Th i s  da t a  i s  given i n  Fig.3-2?as s l u n c t i o n  of  emitter temperature .  

F igure  4-3b i l l u s t r a t e s  t he  use  of t h e  r a d i a t i o n  and conduct ion 

modes o f  h e a t  t r a n s f e r  i n  series. With t h i s  type o f  arrangement ,  

i t  i s  p o s s i b l e  t o  have almost  a l l  of the  temperature  drop occur  a s  a 

consequence of  r a d i a t i o n  h e a t  t r a n s f e r  and hence,  reduce the  d i s t o r t i o n  

o f  t he  temperature f i e l d .  I f  adequate  c o n t r o l  can be  achieved  ove r  

the e m i s s i v i t i e s  of t he  r a d i a t i n g  s u r f a c e s ,  s i g n i f i c a n t  temperature  

r educ t ions  can  be  achieved i n  a s i n g l e  s t e p .  For example, f o r  a high 

temperature  f a c e  a t  4,600 R and a n  e m i s s i v i t y  equa l  t o  0.3, t r a n s f e r r i n g  

h e a t  t o  a lower temperature  face w i t h  e m i s s i v i t y  equa l  t o  0.9,  t he  low 

temperature f ace  e q u i l i b r a t e s  a t  a temperature  below 3,500 R. The 

e x a c t  temperature  depends upon t h e  amount of  h e a t  be ing  t r a n s f e r r e d .  

Hence, i t  appears  f e a s i b l e  tha t  t h e  diode w i l l  b e  a b l e  t o  f u n c t i o n  

simply by r a d i a t i v e  h e a t  t r a n s f e r  from the  c a v i t y  w a l l  t o  t h e  e m i t t e r  

0 

0 
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element ,  provided t h a t  the e m i s s i v i t y  v a l u e s  can be  maintained 

c o n s t a n t  throughout t h e  d e s i r e d  diode l i f e t i m e .  The r e l a t i o n s h i p  

between t h e  h igh  and the  low temperature  s u r f a c e s  i s  g i v e n  by 

(4-11) 

where the s u b s c r i p t  (1) denotes  the h igher  s u r f a c e  temperature  and 

s u b s c r i p t  (2) the lower temperature .  

I n  o r d e r  t o  recover  h e a t  r e j e c t e d  by t h e  diode c o l l e c t o r ,  

t he  diode h e a t  r e j e c t i o n  system must be  designed so t h a t  d u r i n g  

t h r u s t i n g ,  a l l  t he  waste h e a t  a v a i l a b l e  i s  t r a n s f e r r e d  t o  t h e  incorning 

hydrogen, and t h e  u n a v a i l a b l e  remainder r e j e c t e d  by t h e  d iode  r a d i a t o r .  

Figure 4-4 i s  a des ign  concept f o r  such a system. The degass ing  and 

scavenger chambers shown are  necessary  to  p r e v e n t  t he  hydrogen d i f f u s i o n  

from the c o i l s  t o  t h e  diode.  I n  t h e  degass ing  chambers t h e  hydrogen 

and t h e  metal  d i f f u s e s  o u t  i n t o  t h e  vacuum o f  o u t e r  space o r  t h e  

near-vacuum maintained by the scavenger chamber. The scavenger  

chamber maintains  the n e a r  vacuum by r e a c t i n g  wi th  any f r e e  hydrogen 

t o  form a compound which has  a very  low e q u i l i b r i u m  hydrogen p r e s s u r e  

a t  the temperature a t  which i t  i s  maintained.  I t  should be noted 

t h a t  a t  times i t  may be b e s t  t o  make t h e  r a d i a t o r  f l a t  r a t h e r  than 

c y l i n d r i c a l  i n  o r d e r  t o  reduce c o l l e c t o r  obscura t ion .  The ra te  of 

power recovery from the  thermionic  system i s  g iven  by _ -  
= 1,055 w C ATH wat t s  

Qrecovered , P  
0 ATH = i n c r e a s e  i n  hydrogen temperature ,  

6 = hydrogen flow ra te  t o  c a v i t y ,  pounds/sec.  

R 

- 
C = mean s p e c i f i c  h e a t  of  hydrogen over  temperature  range 

P o f  i n t e r e s t  

= 3.5 BTU/pound 
For i d e a l  case 

= waste h e a t  r e j e c t e d  by d iode  Qrecovered 
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Since 

O u t p u t  Power, P = q, Q, where q, = diode  e f f i c i e n c y  

I t  fol lows tha t  f o r  the  i d e a l  ca se  ( f u l l  r ecove ry ) :  
0 -  

= 1055 W C A TH P 

S ince  the  hydrogen e n t e r s  a t  about  50 K, and the c o l l e c t o r  o p e r a t e s  

a t  about  1000°K, i f  a 25OK temperature  d i f f e r e n c e  i s  assumed, the 

maximum p r a c t i c a l  ATH = 1670'R. 

Therefore ,  i n  the  l i m i t ;  

(1-7,) Q, 

0 

6 '  = 6.2 x 10 W w a t t s  Qrecovered 

Since by d e f i n i t i o n ,  

An express ion  f o r  the r e l a t i o n s h i p  between e l e c t r i c a l  o u t p u t  and 

propuls ion  f rom waste h e a t  can be der ived:  

(l-$ Q, - 6.2 x l o 6  f 
SP 

Hence, 

Under optimum c o n d i t i o n s ,  q D  = .15 and I 

where the hydrogen o u t l e t  temperature  i s  l i m i t e d  t o  r e h e a t  by the  

diode c o l l e c t o r .  The r e l a t i o n s h i p  between t h r u s t  and e l e c t r i c a l  

power becomes: 

= 500 sec. f o r  the case  
SP 

500 - = 4 .5  x lb s . /wa t t  e l e c t r i c a l  
F (1-0.15) 
P 
- =  

6 '*I5 6.2 x 10 

Another condi t ion  f o r  h e a t  recovery i s  the  requirement  t h a t  the  c a v i t y  

be a b l e  t o  hea t  the  hydrogen to  the l e v e l  r equ i r ed  f o r  optimum miss ion  

performance. For many mis s ions ,  the maximum s p e c i f i c  impulse i s  

optimum hence the formula t ion  w i l l  be i n  terms of s p e c i f i c  i m p u l s e .  
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W e  d e f i n e  

r = s o l a r  d i s t a n c e  i n  AU 

qN = nozzle energy e f f i c i e n c y  

f t .  
2 sec. g = g r a v i t y  cons tan t ,  - 

0 
n Dm 2 H  

Q = -  = t o t a l  energy absorbed i n  c a v i t y , w a t t s .  4 T qm-a r 
P = j e t  thermal power, w a t t s  
j 

P = diode  e l e c t r i c a l  o u t p u t ,  wat t s  

Then; 

And; 
P 

9 =  I + $  
P 

from previous a n a l y s i s ,  

6 T D  6.2 x 10 

Since  t h e  

Combining 

power i n  the exhaust j e t  can be  expressed as:  

w a t t s j l b .  t h r u s t  s p  
P 21.8 I 

F 
i= 

‘IN 

with  t h e  prev ious  expression;  

6 s p  qD 6.2 x 10 21.8 I 

2 
P (l-qD) 21.8 Is 
P 

Therefore  , 
i= 

6.2 x 106 %‘ID 
and,  3 

Q = 1 +  2.85 105 ‘IN ‘D P 
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I 

X i ‘we ‘: s s iime t y  pica 1 pe  r f ormance ob j ec t i  \re s ; 

TID = 0.15 

q N  = 0.80  

I = 800 sec .  
S P  

‘Lhcil ~ 

watts  thermal i n p _ t .  ( 1 ! - 1 3 )  5 
= ( .85) 6.4 x 10 

*80 (*l5) 2-85  5 I7s0 w a t t s  e l e c t r i c a l  10 P 

T l i i s  i .mplies t h a t  i n  the l i m i t ,  f o r  a combined propulsion-power 

s y s t e m ,  on ly  about  5.9 pe rcen t  of t h e  t o t a l  energy absorbed w i l l  b e  

coriverte3 in to  . e l e c t r i c a l  power. Almost a l l  o f  the  remainder w i l l  be 

iuti-lized as propuls ive power. ?lie e l e c t r i c a l  power a v a i l a b l e  wi th  

ILo t:l1 via:; [.e hea t  recovery and ‘lsuperhea t” o f  tne hydrogen can be 

e x p r e s s e d  i n  terms o f  c o l l e c t o r  s i z e ;  

( 4 - 2 4 )  

ii’sing the above express ion  and the  fo l lowing  express ion  f o r  t h r u s t  ~ 

we ,:>?I t3 i n , 

F -- 16.5  x 10 -6 %-a ( 4  -25: 
-6  I2 + 3.5  x 10 ( 1-7J I l l N  

TiD SP 

can p l o t  these parameters  i n  terms of  c o l l e c t o r  d i ame te r .  These 

r e s u l t s  a r e  presented i n  F igu re  4 - 5 ,  f o r  t h e  fo l lowing  assumed 

<..ondl t i  viis: 

= 0.70  
~rl1-a 

= 0.15 D 

I = 590,800 sec. 
s 1’ 
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FIG. 4-5 THRUST AM) ELECTRICAL POWER OUTPUT VS MIRROR 
SIZE FOR A SYSTEM WITH 100 PERCENT THERMAL 
RECOVERY (Absorber Hydrogen Pressure = 2 atm.) 
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The resu l t s  i n d i c a t e  t h a t  s i g n i f i c a n t  amounts o f  e l e c t r i c a l  power a r e  

a v a i l a b l e  (5-10 k i l o w a t t s )  and approximate ly  2-3  l b s .  of t h r u s t  when 

us ing  a t h i r t y  ( 3 0 )  f o o t  d i a m e t e r  s o l a r  c o l l e c t o r .  

4 . 5  S t a r t u p  Opera t i o n  

The thermal energy s t o r a g e  system can  be  p laced  e i t h e r  i n  

the w a l l s  o f  t he  c a v i t y  o r  i n  the  body of  t h e  c a v i t y .  I t  i s  p r e f e r -  

ab12 t o  p lace  the thermal energy s t o r a g e  system i n  t h e  r e a r  o f  t h e  

c a v i t y  and make the  c a v i t y  longe r  rather than  wider .  Th i s  i s  done i n  

o r d e r  t o  keep the  p r o j e c t e d  a r e a  o f  t h e  c a v i t y  s m a l l  and hence t h e  

m i r r o r  e f f i c i e n c y  h igh .  An impor tan t  f u n c t i o n  of  t h e  thermal  energy 

s t o r a g e  c o n t a i n e r s  i s  t o  s h i e l d  t h e  d iode  l o c a t i o n s  from d i r e c t  s o l a r  

r a d i a t i o n .  One problem a r e a  t h a t  m u s t  be cons ide red  s p e c i f i c a l l y  i s  

the  problem o f  g e t t i n g  the  c a v i t y  s t a r t e d .  The TES material m u s t  be 

g r a d u a l l y  heated up t o  temperature b e f o r e  the  c a v i t y  may be cons ide red  

f u l l y  o p e r a t i v e .  

Enthalpy d a t a  f o r  ceramic TES m a t e r i a l s  show that from 

275-525 w a t t - h r s / l b  a r e  r e q u i r e d  t o  raise t h e  tempera ture  from ambient  

t o  t h e  mel t ing  p o i n t .  For a 300 nm o r b i t  t he  charge  t i m e  i s  1 h o u r ,  

and i t  i s  presumed t h a t  t he  f i r s t  15 min. of t i m e  i n  s u n l i g h t  w i l l  be 

s p e n t  o r i e n t i n g  the  system. 

I f ;  

= e n t h a l p y  change p e r  u n i t  we igh t  r e q u i r e d  t o  b r i n g  
s y s  t e m  to operating t empera ture  Hs tar t  

- = time r equ i r ed  f o r  c a v i t y  s t a r t  up 
t 

Q s t a r t  

- 
= ave rage  ra te  a t  which h e a t  is absorbed i n  c a v i t y  

d u r i n g  s t a r t u p  phase 

+ HT) WT = en tha lpy  of TES system when a l l  m a t e r i a l  then (Hs t a r t  
is mel ted .  

G H  
I _  

and fur thermore ,  
- H  t =  L 

- (Hs ta r t  + HT> WT 

Qstar t  Qs tar t  

- - - 
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Then for  300 n.mile o r b i t  (from previous a n a l y s i s ) ,  

- 
WT = .00198 Q = 0.00195 Q fstart 

S 

Q = energy normally withdrawn by cav i ty  

for  startup,  f s t a r t  W i s  derived by assuming e - T 
QT 

Assume 

= 500 watt hrs / lb .  s t a r t  
H 

= 135 watt hrs / lb  HT 

Then 

(4-27) 

(4-28) - 
Q s t a r t  

hence i t  seems that  from 1-3 passive o r b i t s  w i l l  be required to g e t  

the SOHR-SET system f u l l y  up t o  operational tempera tures.  

81 



4 . 6  The Hydrogen D i f f u s i o n  Problem 

4 . 6 . 1  Hydrogen D i f f u s i o n  from The C a v i t y  

Due t o  the r e l a t i v e l y  h igh  o p e r a t i n g  temperatures  o f  the 

SOHR/SET system, some d i f f u s i o n  o f  t h e  hydrogen working f l u i d  i n t o  

the  s o l a r  c a v i t y  and thermionic diode a r e  to  be expected. The 

magnitude of t he  problem i s  q u i t e  d i f f i c u l t  t o  determine wi thout  

s p e c i f y i n g  some of t he  d e t a i l s  o f  t h e  d e s i g n  be ing  cons idered .  

However, c e r t a i n  p r e l i m i n a r y  a n a l y s e s  can be made and a c c e p t a b l e  

l i m i t s  es t imated on the r a t e  o f  d i f f u s i o n .  

The p r i n c i p a l  d e t r i m e n t a l  e f f e c t s  o f  hydrogen d i f f u s i o n  

on the SOHR./SET system o p e r a t i o n  a r e ;  (a) embr i t t l ement  of  m a t e r i a l s  

of c o n s t r u c t i o n  (b) poisoning o f  cesium d i o d e s  and (c) l o s s  of t h r u s t  

due t o  lo s s  o f  working f l u i d .  Typica l  m e t a l s  used i n  the  c o n s t r u c t i o n  

of d iodes  and high temperature c o n t a i n e r s  are; tungs ten ,  tantalum, 

molybdenum, rhenium, niobium, and t i t an ium.  When some of t hese  

m a t e r i a l s  a r e  exposed t o  hydrogen atmospheres >10 mm Hg f o r  pro- 

longed per iods a t  the temperatures  between 300 

ment occurs.  Above 500 C t he  embr i t t l ement  i s  much less  pronounced 

due t o  outgassing of  the hydrogen en t rapped  i n  t h e  m e t a l  l a t t i c e .  

-5 

0 and 5OO0C, e m b r i t t l e -  
0 

Aside from embr i t t l ement ,  t h e  a d s o r p t i o n  of hydrogen on t h e  
-3 

diode e m i t t e r  and c o l l e c t o r  s u r f a c e s  i n  t h e  to  10 mm Hg range 

may adverse ly  a f f e c t  t h e i r  work f u n c t i o n s  and thus t h e i r  performance. 

F u r t h e r ,  i f  t h e  hydrogen p r e s s u r e  i n  the  diode i n t e r e l e c t r o d e  space 

reaches the 1 mm Hg l e v e l ,  s e v e r e  d e g r a d a t i o n  of  diode performance 

may occur  d u e  t o  i n t e r f e r e n c e  wi th  the  cesium p r e s e n t  f o r  space 

charge n e u t r a l i z a t i o n .  

In order t o  minimize t h e  problem of hydrogen d i f f u s i o n ,  i t  

appears  d e s i r a b l e  t h a t  t he  p r e s s u r e  o f  t h e  hydrogen i n  the  c a v i t y  and 

o t h e r  h e a t  exchanger l o c a t i o n s ,  be l i m i t e d  t o  10 nun Hg. With t h i s  

l e v e l  a s  a d e s i r a b l e  g o a l ,  the  a p p a r e n t  d i f f u s i o n  ra te  w i l l  be 

-5 
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8 
1 

est ima ted and the  r e s u l t a n t  c a v i t y  p re s su re  w i l l  be compared t o  

the l i m i t e d  d a t a  a v a i l a b l e  on the  s u b j e c t .  Unfor tuna te ly ,  the  

a v a i l a b l e  d i f f u s i o n  data a r e  l imi t ed  t o  hydrogen-molybdenum, and 

conclus ions  wi th  the o t h e r  r e f r a c t o r y  metals (which a r e  more l i k e l y  

t o  be used)  w i l l  have t o  be  ex t r apo la t ed  from t h i s  in format ion .  

The d i f f u s i o n  of gases through metals has  been t r e a t e d  

e x t e n s i v e l y  i n  the  l i t e r a t u r e ,  p a r t i c u l a r l y  a s  r e l a t e d  t o  vacuum 

S c i e n t i f i c  Foundations of Vacuum Technique", technology. I n  Ref. 

(Dushman and L a f f e r t y )  t h i s  problem is t r e a t e d  i n  d e t a i l .  A t  c o n s t a n t  

p re s su re ,  t he  rate of d i f f u s i o n  i n c r e a s e s  e x p o n e n t i a l l y  wi th  tempera- 

11 

t u r e  , and from t h e o r e t i c a l  cons ide ra t ions  b a s i c  r e l a  t i o n s  were d e r i v e d ,  

with cons t an t s  f o r  g iven  gas-metal  systems. The fo l lowing  r e l a t i o n -  

s h i p  can be used t o  e s t i m a t e  the rate o f  d i f f u s i o n ;  

log  Q,, = C - B/T (4 -29 )  

where 
2 = micron . l i t e r s  ( a t  OOC) p e r  cm. , per  minute ,  pe r  

Qpl 

C = a c h a r a c t e r i s t i c  c o n s t a n t  of  t h e  gas-metal  system 

m i l l i m e t e r  th ickness ,  a t  P = 760 mm. 

and i s  (C = 4.0679 f o r  H2- 

B = a c o n s t a n t  based on the  h e a t  of  d i f f u s i o n  and i s  
(B  = 4417 f o r  H2 - Mo) 

0 T = temperature  i n  K 

For the most s eve re  ope ra t ing  c o n d i t i o n s  i n  the  c a v i t y  , c e r t a i n  

p a r t s  of the  h e a t  exchanger wal l  may reach  peak temperatures  approach- 

i n g  2500°K (450OOR). 

tungsten-rhenium a l l o y s  w i l l  be used a t  t hese  cond i t ions  s i n c e  

molybdenum i s  n o t  s u i t a b l e ,  i t  w i l l  be assumed t h a t  the  rate o f  

d i f f u s i o n  through molybdenum a t  lower tempera tures  (T = 2000°K o r  3600OR) 

w i l l  be a reasonable  e s t ima te  of the  behavior  o f  t he  t u n g s t e d r h e n i u m  

a l l o y s  a t  the h i g h e r  temperatures.  Th i s  i s  n o t  unreasonable ,  s i n c e  

the r e l a t i o n s h i p  of the opera t ing  temperature  t o  the  me l t ing  p o i n t ,  

the  r a t i o  of d e n s i t i e s ,  vapor p r e s s u r e s  and o t h e r  phys i ca l  

c h a r a c t e r i s t i c s ,  tend t o  support  t h i s  q u a l i t a t i v e  assumption. 

S ince  i t  i s  expected that tungs ten  o r  
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Therefore ,  

log Qp, = 4.0679 - 4 4 1 7 I 2 0 0 0  

log QPl  = 4 , 0 6 7 9  - 2.2085 = 1.8594 

2 
= 7 2  micron . l i t e r s  (O°C)/cm -minute 

Qc,l ( f o r  1 mm th ickness  a t  1 atm. pressure)  

I f  w e  assume a h e a t  exchanger w a l l  t h i c k n e s s  of 1.0 mm ( .040")  

and a n  i n t e r n a l  p r e s s u r e  of 1.0 a t m . ,  which a re  t y p i c a l  v a l u e s ,  

the r a t e  of d i f f u s i o n  i n t o  t h e  c a v i t y  i s  approximately;  
2 Q = 1 x cm3 ( a t  o°C)/cm. - sec. 

From the k i n e t i c  theory of g a s e s ,  Avogadro's number can be used 

t o  e s t i m a t e  the  molecular  r a t e  of  d i f f u s i o n ,  w i t h  t h e  fol lowing 

r e s u l t ;  
2 Q = 1 x 

To e v a l u a t e  t h e  i n f l u e n c e  o f  t he  above rate of d i f f u s i o n  

x 2.687 x 1019 = 2.69 x molecules/cm.-sec. 

on t h e  e q u i l i b r i u m  p r e s s u r e  i n  the  c a v i t y ,  w e  s h a l l  f i r s t  determine 

t h e  flow regime. The Knudsen number ( t h e  r a t i o  of t h e  mean f r e e  

p a t h  o f  a molecule t o  a c h a r a c t e r i s t i c  dimension of  the flow channel) 

i s  genera l ly  used t o  d e f i n e  the flow regime i n  low p r e s s u r e  s i t u a t i o n s  

a s  follows: 

When: 

L,/a < 0.01 flow i s  v iscous  

L,/a > 1.00 flow i s  molecular  

0.01 <La /"  < 1.00 flow i n  t r a n s i t i o n  range 

From the re ference  by Dushman and L a f f e r t y  (Table  1.6), t h e  va lue  

f o r  t h e  mean free p a t h  o f  hydrogen ( c o r r e c t e d  f o r  temperature  and 

d e s i r e d  pressure  i n  the cav i ty )  i s ;  
25000K 1 mm 

X 273°K 10-5mm 
L = 8.39 a 

3 L = 7.7 x 10 cm. a 

( 4  -30)  

( 4 - 3 1 )  

( 4 - 3 2 )  

( 4  -33) 

Since  t h e  c h a r a c t e r i s t i c  dimension of the c a v i t y  (such as  the  c a v i t y  

a p e r t u r e  diameter) w i l l  normally ccver  t he  range of 1-10 cm. f o r  

a lmost  a l l  a p p l i c a t i o n s ,  i t  can be assumed t h a t  f ree-molecule  flow 
-2  

(La/a > 1.0) w i l l  always e x i s t  f o r  c a v i t y  p r e s s u r e s  as  h i g h  as  10 mm Hg. 
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The t y p i c a l  conf igu ra t ion  o f  s o l a r  c a v i  ty -absorbers  tends  

t o  approximate a n  i so the rma l  v e s s e l  con ta in ing  a gas  a t  low p r e s s u r e ,  

w i t h  an  o r i f i c e  i n  one w a l l .  For a simple approximation i t  w i l l  be 

assumed t h a t  t he  w a l l s  of the c a v i t y  do n o t  impede o r  a f f e c t  t h e  

conductance o f  the  o r i f i c e .  I f  t he  e x t e r n a l  p r e s s u r e  i s  assumed t o  

approach z e r o  i n  space ,  then the  t o t a l  r a t e  of flow out  of  t he  c a v i t y ,  

i n  molecules/sec i s  given by; 

- = -  dN va A n d t -  4 (4 -34) 

v = average  molecular v e l o c i t y  , cm./sec. 

A = orifics area iii cm 

l 8 2  molecules/cm . n = d e n s i t y  o f  molecules = 9.66 x 10 3 

where 

a 
2 

P 

A t  T c a v i t y  = 2500°K, 112 

v I 14,551(%] - 5.1 x l o 5  cm./sec. 
a 

(4-35) 

From p rev ious  exper ience  with solar c a v i t i e s  i n c o r p o r a t i n g  hydrogen 

h e a t  exchangers,  t h e  i n t e r n a l  s u r f a c e  a r e a  t o  t h e  c a v i t y  opening a r e a  

i s ,  S/A = 20. U t i l i z i n g  the  prev ious  r e s u l t s  f o r  d i f f u s i o n  i n t o  the  

c a v i t y  and e f f u s i o n  o u t  of the c a v i t y  w e  can e s t i m a t e  the  e q u i l i b r i u m  

p r e s s u r e  in the c a v i t y  a s  follows; 

(4-36) dN 1 A 
d t  4 "a n 

Q .  S = - = -  

18 

mm 9 = 6 6  lo P = 3.86 P 
2500O K mm S ince  , n = 

44 ( S /A) 

3.86 x 10 va 15 P =  mm 

4 x 2.69 x 10 l6  x 20 

3.86 x l O I 5  x 5.1 x 10 
5 P =  mm 

There fo re ,  
-3 P ~ 1 x 1 0  m m H  

mm g 
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I t  i s  believed t h a t  t h i s  r e s u l t  i s  p a r t i c u l a r l y  s i g n i f i c a n t ,  s i n c e  

the  es t imate  i s  based on the r a t e  of d i f f u s i o n  through molybdenum, 

which i s  expected t o  be much more s u s c e p t i b l e  t o  hydrogen d i f f u s i o n  

than  the tungsten/rhenium a l l o y s .  Therefore  , t h e  e s t i m a t e  i s  v e r y  

encouraging a s  t o  the f e a s i b i l i t y  of t he  SOHR-SET concept ,  and the 

c o m p a t i b i l i t y  of the thermionic d iodes  wi th  t h e  hydrogen h e a t  

exchanger. However, t h i s  simple a n a l y s i s  must be v e r i f i e d  and 

s t r o n g l y  implies  t he  need f o r  a n  exper imenta l  program t o  o b t a i n  b a s i c  

da t a  on the rate of d i f f u s i o n  of hydrogen i n  tungstenlrhenium a l l o y s  

a t  temperatures up t o  2500 K.  
0 

4.6.2 Hydrogen D i f f u s i o n  From t h e  Thermal Recovery System 

The very f a c t  t h a t  diode waste  h e a t  i s  t o  be recovered 

impl ies  t h a t  t h e  recovery device  m u s t  be connected t o  the  diode 

c o l l e c t o r  by some h e a t  t r a n s f e r  path.  I n  o r d e r  t h a t  t h e  diode o p e r a t e  

e f f e c t i v e l y ,  hydrogen d i f f u s i o n  through t h i s  p a t h  from t h e  h e a t  

t r a n s f e r  c o i l s  t o  the c o l l e c t o r  m u s t  e i t h e r  b e  e l i m i n a t e d  e n t i r e l y ,  o r  

reduced t o  a t o l e r a b l e  l e v e l .  

O u r  p re l iminary  a n a l y s i s  w i l l  be d i r e c t e d  towards 

d e f i n i n g  the c r i t e r i a  f o r  a " t o l e r a b l e  l eve l . ' '  A s  d i scussed  previous-  

l y ,  i t  i s  d e s i r a b l e  t h a t  t he  p a r t i a l  p r e s s u r e  of hydrogen i n  t h e  

cesium plasma be less  than 10 mm of mercury. T h i s  e s t a b l i s h e s  the  

c o n d i t i o n  t h a t  t h e  hydrogen c o n c e n t r a t i o n  i n  the  d i f f u s i o n  medium 

a d j a c e n t  t o  the diode plasma never  exceed a v a l u e  C ;  

C '  k mm Hg) 
where C '  i s  determined from t h e  e x p r e s s i o n  f o r  s o l u b i l i t y  o f  a 

diatomic gas i n  c o n t a c t  w i t h  a m e t a l  

-5 

(4-41)  11 2 

11 2 C = kp 

C = c o n c e n t r a t i o n  of hydrogen p e r  u n i t  volume of meta l  

k = p r o p o r t i o n a l i t y  c o n s t a n t  

p = p a r t i a l  p ressure  of  hydrogen i n  c o n t a c t  w i t h  
t h e  metal 
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I n  f u r t h e r  d i scuss ions  w e  w i l l  assume t h a t  the  hydrogen 

h e a t  t r a n s f e r  c o i l s  are  imbedded i n  a h igh  c o n d u c t i v i t y  n n t r i x  and 

t h a t  i n  some manner ,e i ther  d i r e c t l y  o r  i n d i r e c t l y , b y  means of  an  

in t e rposed  meta l  element--the d iode  waste h e a t  i s  t r a n s f e r r e d  t o  t h i s  

mat r ix .  

t he  conduct ing medium i s  n o t  very impor tan t  from the s t andpo in t  of 

c o n t r o l l i n g  d i f f u s i o n  by deso rp t ion ,  the geometr ica l  c o n s i d e r a t i o n s  

predominate . 

A c t u a l l y  a s  w i l l  be shown l a t e r  by a n a l y s i s ,  t h e  n a t u r e  of  

The ra te  of h e a t  flow from the  c o l l e c t o r  t o  t h e  recovery 

dev ice  w i l l  be i n v e r s e l y  p ropor t iona l  t o  t h e  h e a t  t r a n s f e r  pa th  

l eng th  between c o l l e c t o r  and c o i l s  and p r o p o r t i o n a l  t o  the  c r o s s  
s e p i c p l  gf flew. T T n F n r c . . - n * ~ l r r  A * . -  e- *t.- e--?---- I------- 

V U ~ U L  L U L ~  L C L ~ ,  uuc LU ~ i i e  a i iaLvsy  u e ~ w r r i i  

d i f f u s i o n  and h e a t  t r a n s f e r ,  t hese  c o n d i t i o n s  a l s o  f avor  d i f f u s i o n .  

There i s ,  however, one a s p e c t  of  d i f f u s i o n  on which w e  may r e l y ,  and 

t h a t  i s  the  r e l a t i o n s h i p  between the concen t r a t ion  o f  hydrogen on a 

m e t a l  s u r f a c e  and the  p a r t i a l  p re s su re  of hydrogen i n  t h e  space 

a d j a c e n t .  We no te  t h a t  as p 4 0, then C - 0. Thus i f  t h e  me ta l  s u r f a c e  

i s  exposed to  a vacuum, the hydrogen w i l l  desorb  i n t o  the  vacuum 

i n  o rde r  t h a t  t he  su r face  concen t r a t ion  approach zero.  S ince  the  

g r o s s  deso rp t ion  r a t e  i s  n e c e s s a r i l y  p r o p o r t i o n a l  t o  the s u r f a c e  area 

over  which i t  occur s ,  then f o r  s imultaneous d i f f u s i o n  and h e a t  

conduct ion a long  b a r s ,  rods ,  t h i n  hollow c y l i n d e r s  and s i m i l a r  

geometr ies  the  h e a t  t r a n s f e r  w i l l  n o t  be a f f e c t e d ,  b u t  d i f f u s e d  

m a t e r i a l  w i l l  desorb  t o  a vacuum i f  one i s  p resen t .  We w i l l  now 

assume that the  h e a t  t r a n s f e r  pa th  a l l o w s  d e s o r p t i o n  and proceed t o  

ana lyse  the problem q u a n t i t a t i v e l y .  The d i f f e r e n t i a l  equa t ion  f o r  

t he  system (Fick '  s Law) i s ,  
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C = hydrogen c o n c e n t r a t i o n  p e r  u n i t  volume of  m e t a l  

D = D i f f u s i v i t y  of  hydrogen i n  meta l  

t = t i m e  

x = Coordinate  a long l e n g t h  of  flow pa th  

y = c o o r d i n a t e  a long  width  o f  flow p a t h  

Since w e  a r e  c o n s i d e r i n g  s teady  s t a t e  d i f f u s i o n  the  e q u a t i o n  reduces 

t o  La P l a c e ' s  eqn. i n  two dimensions,  

(4-43) 

Note t h a t  we need only c o n s i d e r  a s t r i p  o f  t h i c k n e s s  p, and width  u n i t y  

and  t h a t  fo r  our purposes i t  may be regarded a s  s e m i - i n f i n i t e  a l o n g  y. 

The boundary c o n d i t i o n s  a r e  thus 

c ( - t j 2 , y j  5 c ( f j 2 , y j  = o 
c (X,O) = co 

(4  -44) 

I f  t h e r e  was no d i f f u s i o n  of  hydrogen away from t h e  conduct ing m a t r i x ,  

then the equi l ibr ium c o n c e n t r a t i o n  of hydrogen i n  t h e  metal  would be 

l ~ p l ' ~ ,  where p i s  t h e  p r e s s u r e  of hydrogen i n  the h e a t  t r a n s f e r  c o i l s .  
C C 

Since the re  i s  d i f f u s i o n  then,  
1/ 2 co k Pc  

S ince  F i c k ' s  Law i m p l i e s  t h a t  a c o n c e n t r a t i o n  g r a d i e n t  e x i s t s  i n  the  

conducting m a t r i x  if a hydrogen flow e x i s t s .  

I A s  a n  example, assuming a m a t r i x  of  copper a t  

c o l l e c t o r  temperature ( 1000°K) (Donald P .  Smith,  "Hydrogen i n  M e  t a  1s" , 
U n i v e r s i t y  of Chicago, 1958) g i v e s  the s o l u b i l i t y  of hydrogen i n  

copper a s  0.533 x 10 

hydrogen a t  1 atmosphere pressure .  From Carslaw and J a e g e r  (H.S. 

Carslaw and J .C. J a e g e r  , "Conduction of Heat  i n  Sol ids"  , Oxford 

Univers i ty  Press,  1959 pgs. 162-166) w e  o b t a i n  t h e  h e a t  t r a n s f e r  

analogue which y i e l d s :  

-2 3 3 cm /gm (4.7 cm H a t  STP/cm3 o f  copper) f o r  
2 

-1 s i n  ( n x / l  c/co = - n tan s i n h  (ny/;) (4-45) 

1 
1 
1 
I 
1 
1 
I 
I 
1 
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From symmetry o r  o the r  cons ide ra t ions  i t  may be shown t h a t  the  

maximum value of C/C i s  a long x = 1/2  
0 

( 4  -46)  

The va lue  of C / C  For y / l  = 1, 

C/C = .556 x 10 whereas f o r  y/.! = 10, C/C = .320 x Thus 

a t  10 th i ckness  a long  the  s t r i p  the c o n c e n t r a t i o n  i s  s u b s t a n t i a l l y  

reduced and by making the  r a t i o  of yI0 l a r g e  enough w e  can ach ieve  

any degree of  concen t r a t ion  reduct ion  d e s i r a b l e  and s t i l l  have a 

p h y s i c a l l y  r a t i o n a l  system. One p o s s i b i l i t y  f o r  a simple s o l u t i o n  t o  

t h i s  problem, i s  t o  bond the c o l l e c t o r  t o  the h e a t  exchanger w i t h  a 

s u i t a b l e  l a y e r  of  h igh  conduc t iv i ty  porous meta l .  This  approach 

provides  a s a t i s f a c t o r y  hea t  t r a n s f e r  p a t h  and a l lows  any back d i f f u s i o n  

o f  hydrogen t o  desorb  from the system be fo re  reaching  the c o l l e c t o r ,  

thereby  ma in ta in ing  an acceptab ly  low hydrogen concen t r a t ion .  

dec reases  r a p i d l y  a s  y / l  i n c r e a s e s .  
0 -1 

0 0 
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5. DEPLOYMENT, INITIAL ORIENTATION, STATION KEEPING 

5.1 Deployment and I n i t i a l  O r i e n t a t i o n  

Once the SOHR-SET s p a c e c r a f t  has  been i n s e r t e d  i n t o  a 

park ing  o r b i t ,  the  subsystems must be deployed i n  the working 

conf igu ra t ion  and o r i e n t e d .  There are  a v a r i e t y  o f  ways f o r  

ach iev ing  i n i t i a l  deployment. The components may be s p r i n g  loaded ,  

o r  they may be  deployed by e l e c t r i c a l  pneumatic o r  h y d r a u l i c  a c t u a t o r s .  

I n i t i a l  o r i e n t a t i o n  may be achieved by r e a c t i o n  j e t s  powered by h igh  

p res su re  gases such a s  hydrogen, o r  n i t r o g e n .  

During t h i s  i n i t i a l  p e r i o d ,  a l l  e l e c t r i c a l  power r e q u i r e -  

ments m u s t  be m e t  by a n  independent  power supply.  The power r equ i r ed  

du r ing  the deployment and o r i e n t a t i o n  p e r i o d s  i s  expected t o  be very  

modest, and i s  d e f i n i t e l y  o f  a s h o r t  d u r a t i o n .  ( I t  should b e  noted 

t h a t  f o r  cu r ren t  s p a c e c r a f t  peak power r equ i r ed  d u r i n g  t h e  deployment 

and o r i e n t a t i o n  phases  has  n o t  exceeded 200 wat t s . )  Using s i l v e r  

z i n c  b a t t e r i e s ,  t he  deployment power supply  should be less  than 10 

pounds . 

* 

One may wonder a s  t o  the  f e a s i b i l i t y  of  p rehea t ing  the  

thermal s to rage  material be fo re  launch,  and us ing  t h i s  a s  a means o f  

p rov id ing  e l e c t r i c a l  energy du r ing  the deployment and o r i e n t a t i o n  

phases .  This  could conceivably be done , b u t  i n t roduces  s e v e r a l  

problems, such a s  the o x i d a t i o n  o f  the  c a v i t y  and m a t e r i a l s  o f  

c o n s t r u c t i o n  s i n c e  they w i l l  be oxid ized  i n  a i r .  Furthermore,  one 

has  t o  worry about  h e a t  r e j e c t i o n  f o r  t he  d iodes .  Hence, some 

accommodation would have t o  be made f o r  the h e a t  r e j e c t i o n  t o  take  

p l ace  while  the space c r a f t  i s  i n  the undeployed s t a t e ,  A l l  o f  these  

f a c t o r s  would complicate  the  d e s i g n ,  and a s  a consequence reduce i t s  

re l i a b  il i t y  , 

* Pr iva  te communicn t i o n  C . Cummings. 
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5.2 S t a t i o n  Keeping 

S t a t i o n  keeping c a p a b i l i t i e s  a r e  d e f i n i t e l y  w i t h i n  the  scope 

of t h e  SOHR-SET system. For example, i n  t h e  case of a 24-hour s a t e l l i t e ,  

SET d iodes  could provide  s u f f i c i e n t  power f o r  s i g n a l  r e c e p t i o n  and 

t r ansmiss ion  equipment, while t he  SOHR propu l s ion  system would provide  

h o t  hydrogen f o r  u s e  i n  vec to rab le  nozz le s  f o r  o r b i t  c o r r e c t i o n  

a l t i t u d e  s t a b i l i z a t i o n  of antennae and the  s o l a r  c o l l e c t o r .  For ve ry  

long l i f e t i m e  s a t e l l i t e s ,  the SET d iodes  might be used t o  supply power 

f o r  small  o r b i t  and a l t i t u d e  s t a b i l i z a t i o n  e l e c t r i c  t h r u s t o r s .  

The two b a s i c  types of  p ropu l s ion  requi rements  f o r  s a t e l l i t e  

s u s t a i n i n g  p ropu l s ion  f o r  h igh  drag-low a 1 t i  tude s t a t i o n  keeping are :  

o r b i t s ,  and c o r r e c t i n g  maneuvers f o r  p o s i t i o n  maintenance f o r  a 24 hour 

s a t e l l i t e .  The former a p p l i c a t i o n ,  whi le  f e a s i b l e  f o r  s o l a r  p ropu l s ion ,  

i s  less d e s i r a b l e  because the s o l a r  c o l l e c t o r  c o n t r i b u t e s  ve ry  s i g n i f i -  

c a n t l y  t o  the  d r a g  problem, and the  f r a c t i o n  of sun t o  d a r k  t i m e  i s  

r e l a t i v e l y  low, hence l i m i t i n g  t h e  a v a i l a b l e  power f o r  t h e  system. 

The requi rements  f o r  t h e  24-hour s a t e l l i t e  appear much more compatible 

with t h e  SOHR-SET o p e r a t i n g  c h a r a c t e r i s t i c s .  The t h r u s t  requi rements  

a r e  r e l a t i v e l y  modest,  and the f r a c t i o n  of darktime i s  r e l a t i v e l y  

l a r g e  (5  pe rcen t  of  t h e  time) the reby  on ly  s l i g h t l y  d e c r e a s i n g  the 

power a v a i l a b l e  f o r  use during s u n l i g h t .  S e c t i o n  6 ,  The S u i t a b i l i t y  

of  t h e  SOHR-SET f o r  a 24-hour S a t e l l i t e  System i s  f u r t h e r  examined. 
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6. DESIGN FOR A 24-HOUR SATELLITE SYSTEM 

6.1 System C o n s i d e r a t i o n s  

Data f o r  t he  d i s c u s s i o n  i n  t h i s  s e c t i o n  i s  taken from t h e  

o r b i t  s t u d i e s  i n  s e c t i o n  7.4. T h i s  p r e l i m i n a r y  d e s i g n  i s  based on 

t h e  launch c a p a b i l i t y  of t he  Centaur  launch v e h i c l e  which i s  expected 

t o  be o p e r a t i o n a l  e a r l y  i n  1965, thus i t  w i l l  be a v a i l a b l e  f o r  t he  

launching of f u t u r e  systems. The Centaur  i s  capable  of  p l a c i n g  

8,500 l b s .  i n  a 300 n. m i l e  o r b i t .  The s p e c i f i c  impulse l e v e l  

selected fo r  t h e  SOFIR propuls ion  system i s  700 sec. and corresponds 

t o  a temperature l e v e l  o f  about  2000'K. 

was chosen because i t  i s  more compatible  w i t h  a v a i l a b l e  m a t e r i a l s  

f o r  extended d u r a t i o n .  T h i s  i s  n o t  t o  imply t h a t  h i g h e r  s p e c i f i c  

impulse va lues  a r e  u n a t t a i n a b l e ,  i n  p r a c t i c e  a n  o p e r a t i n g  temperature  

range of 2000°K-25000K ( a  s p e c i f i c  impulse of a b o u t  750 sec.) may be 

considered fo r  a t r a n s f e r  miss ion  of a s p a c e c r a f t  from a 300 n.mi1e 

o r b i t  t o  a 24 h r .  synchronous o r b i t .  The system i s  based on t h e  u s e  

of  a 9 112 f t .  e lectroformed n i c k e l  s o l a r  c o l l e c t o r  s i m i l a r  t o  t h e  

type c u r r e n t l y  being developed by the  J e t  Propuls ion  Laboratory f o r  

an advanced so lar - thermionic  g e n e r a t o r  (JPL Spec. GMP-34211-WL'L,Nov, 

1963) t o  be developed by EOS. The c a v i t y  of  t h e  s y s t e m  i s  designed 

t o  absorb  a minimum o f  6000 w a t t s  and t o  d e l i v e r  400-600 w a t t s  o f  

e l e c t r i c a l  power a t  3.0 v o l t s  (nominal) f o r  space o p e r a t i o n  n e a r  t h e  

e a r t h .  I n  the system under c o n s i d e r a t i o n ,  a major  f a c t o r  i s  t h e  

This  temperature  l e v e l  

d u r a t i o n  of  t h e  t r a n s f e r  o r  t he  t r a n s i t  t i m e .  One f a c t o r  a f f e c t i n g  

t h i s  choice i s  the amount o f  e l e c t r i c a l  power requi red  f o r  s t a t i o n  

keeping and o t h e r  purposes  while  the s p a c e c r a f t  i s  be ing  t r a n s f e r r e d  

t o  the  24 hour synchronous o r b i t .  

increased  s l i g h t l y  a t  t h e  expense of e l e c t r i c a l  power capqci ty .  

cont inuous t h r u s t  i s  d e s i r e d  dur ing  t h e  o r b i t  t r a n s f e r ,  thermal  

The t h r u s t i n g  c a p a c i t y  can be  

I f  
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energy s t o r a g e  m u s t  be u t i l i z e d .  The re fo re ,  a s  t he  o r b i t  a l t i t u d e  

i n c r e a s e s ,  a sma l l e r  f r a c t i o n  o f  t h e  t o t a l  thermal energy rece ived  

by the c a v i t y  i s  r equ i r ed  f o r  s t o r a g e  f o r  the da rk  p a r t  o f  the  o r b i t .  

Hence, the r a t e  o f  energy removal and the t h r u s t  can be inc reased  

a s  the  o r b i t  a l t i t u d e  inc reases .  The e l e c t r i c a l  power a v a i l a b l e  has 

a s i m i l a r  c h a r a c t e r i s t i c  w i th  o r b i t  a l t i t u d e .  I n  t h e  s e c t i o n  on 

thermal energy s to rage ,  i t  was poin ted  o u t  t h a t  due t o  e a r t h  shadow 

c o n s i d e r a t i o n s ,  37.1 p e r c e n t  of  t h e  a v a i l a b l e  thermal  energy rece ived  , 
m u s t  be s t o r e d  dur ing  s u n l i g h t  ope ra t ion  a t  300 n. m i l e  whereas 

on ly  5.2 pe rcen t  has  t o  be s tored  a t  the  synchronous o r b i t .  Also 

poin ted  o u t ,  w a s  t h a t  due t o  t h i s  c o n s i d e r a t i o n  maximum energy 

u t i l i z a t i o n  resu l t s  i f  the t h r u s t  i s  va r i ed  acco rd ing ly  t o  u t i l i z e  

the  a v a i l a b l e  energy t o  the f u l l e s t  e x t e n t .  However, the ga in  i n  

t r a n s i t  t i m e  t o  be achieved by t h i s  technique may n o t  be worth the  

added system complexity.  I f  the i n i t i a l  t h r u s t  a c c e l e r a t i o n  w a s  

o r i g i n a l l y  about  1 x 10 g. then f o r  a 50 p e r c e n t  t h r u s t  i n c r e a s e  -4 

t h e  t r a n s i t  t i m e  decreases  by much less than 25 percent .  Furthermore 

s i n c e  the  p r o p e l l a n t  r a t i o  has only  a ve ry  weak dependence on i n i t i a l  

t h r u s t  a c c e l e r a t i o n ,  then no ga in  i s  achieved f o r  the  payload r a t i o .  

A n e g l i g i b l e  ga in  i n  payload c a p a c i t y  could be achieved by i n t e r m i t t e n t  

t h r u s t i n g  t o  e l i m i n a t e  TES, but  the  e f f e c t  o f  thermal cyc l ing  would 

be d e l e t e r i o u s  on the system. The re fo re ,  t h e  u s e  of a reduced t h r u s t  

system wi th  thermal energy s torage  i s  suggested.  A g a i n  i n  the  o v e r a l l  

Centaur-SOHR-SET system t r a n s i t - t i m e  c a p a b i l i t y  may presumably be 

achieved by opt imis ing  the a l t i t u d e  f o r  t he  park ing  o r b i t .  This  

op t imiza t ion  i s  suggested by the  obse rva t ion  t h a t  a s  the  a l t i t u d e  

i n c r e a s e s ,  t he  weight  t h a t  may be placed i n  o r b i t  by any given b o o s t e r  

dec reases  , whereas the  t h r u s t  c a p a b i l i t y  of  the  s o l a r  propuls ion  

system i n c r e a s e s .  

The i n i t i a l  t h r u s t  a c c e l e r a t i o n  w a s  chosen t o  be abou t  

g; inasmuch a s  the  t h r u s t  requirements  a r e  compatible  w i t h  
-4 1 x 10 

a reasonable  number of 9 1 / 2  f t .  c o l l e c t o r  modules. Another cons idera-  

t i o n  f o r  choosing 1 x loe4 g i s  t h a t  a 40 day t r a n s i t  t i m e  seems 
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t o l e r a b l e .  However, f o r t y  (4O)days i s  n o t  in tended  to  be  a n  

optimum t i m e .  Opt imiza t ion  w i l l  have t o  be based on the  t r a n s i t  

t i m e  t h a t  w i l l  r e s u l t  i n  minimum System Cost  p e r  u n i t  o f  o p e r a t i o n a l  

t i m e  o f  a given q u a l i t y  system, and i s  beyond the  scope of  t h i s  s tudy .  

The nex t  c o n s i d e r a t i o n  w i l l  be the  thermal  and e l e c t r i c a l  

power c h a r a c t e r i s t i c s  f o r  a s i n g l e  module. For  a n  optimum system, 

these  may depend on t h e i r  r e l a t i v e  importance.  I f  f o r  example, 

e l e c t r i c a l  power i s  ve ry  impor tan t ,  then t h e  s p a c e c r a f t  may s t a r t  

o u t  w i t h  maximum a v a i l a b l e  e l e c t r i c a l  power a t  t h e  300 n.mile  o r b i t  

and the  t h r u s t  w i l l  i n c r e a s e  a s  a d d i t i o n a l  thermal power becomes 

a v a i l a b l e  a t  h i g h e r  a l t i t u d e s .  One impor t an t  mode of  o p e r a t i o n  

i s  the case where the  d iode  ou tpu t  i s  reduced t o  a f r a c t i o n  of  i t s  

r a t e d  value du r ing  t r a n s i t  and l i t e r a l l y  a l l  the energy used f o r  

t h r u s t i n g  dur ing  t h i s  phase.  Th i s  i s  p o s s i b l e  i f  the d iode  e m i t t e r  

e l e c t r o n  cool ing  i s  reduced by changing the  impedance i n  the  load  

c i r c u i t  t o  reduce c u r r e n t  flow. By t h i s  means, the  energy withdrawn 

by the diode may be reduced t o  a va lue  a s  low a s  20 pe rcen t  o f  the  

nomina 1. 

Assuming the  u s e  o f  the  9 1 / 2  f t .  c o l l e c t o r ,  the c a v i t y  

w i l l  absorb thermal power a t  t h e  ra te  of 6000 wa t t s .  A t  t he  300 n.m 

o r b i t ,  about  3,780 w a t t s  w i l l  be a v a i l a b l e  f o r  d i r e c t  u s e ,  the  

remainder goes t o  the  TES system. A t  t he  24 hour  synchronous o r b i t ,  

5,690 wat t s  w i l l  be a v a i l a b l e  f o r  d i r e c t  u se  w i t h  on ly  a small 

f r a c t i o n  going t o  the  TES system. The e l e c t r i c a l  power ou tpu t  c a p a c i t y  

f o r  the system whi le  i n  the  24 hour  o r b i t  i s  thus  a maximum of a b o u t  

550 w a t t s .  With d iodes  o p e r a t i n g  a t  20 p e r c e n t  c a p a c i t y ,  t he  thermal  

power a v a i l a b l e  f o r  t h r u s t i n g  a t  300 n .m o r b i t  i s  (3,780-110) = 3,670 

w a t t s ,  

To es t imate  the number of  modules r e q u i r e d ,  w e  n o t e  t h a t  the  

i n i t i a l  weight ,  m i s  8500 Ibs .  and the d e s i r a b l e  i n i t i a l  t h r u s t  t o  

weight  i s  1 x Hence r equ i r ed  t h r u s t  i s  approximate ly  

F M 8,500 x 

0 

= .85 l b s .  From Fig.3-20 a l o n g  the Po 2 a t m  curve  
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w e  o b t a i n  n = 0.75 hence N 
(watts a v a i l a b l e  t o  j e t )  q 

t h r u s t  per  u n i t  = N = 3,670x0.75 0.2 l b s .  
21 .8  I 2 1 . 8 ~ 7 0 0  (6-1) SP 

and number of u n i t s  4. 

The t o t a l  power a v a i l a b l e  for  propuls ion  from (4) u n i t s  i s  thus  

14,700 wa t t s ,  hence t h r u s t  i s  a b o u t  0.8 l b s .  and the  i n i t i a l  t h r u s t  

a c c e l e r a t i o n  i s  0.95 x 10 g. -4 

From F i g .  7-15 we f i n d  t h a t  t h e  miss ion  t i m e  i s  40 days;  from 

F i g .  7 - 1 1  the  p r o p e l l a n t  r a t i o  i s  shown t o  be 0.48 .  The p r o p e l l a n t  

weight  i s  thus 4,080 l b s .  The m i r r o r  + suppor t  weight i s  e s t ima ted  
L^ L" he a b a u t  5= 1bs,, the cavity and 'Lherrnionic diodes (exclus~vs of 

thermal energy s t o r a g e )  is est imated t o  be about  15 l b s ,  t he  deployment 

mechanism i s  es t imated  t o  be 15 l b s . ,  the  tankage weight  420 l b s . ,  

the  meteoroid s h i e l d  weight  210 lb s . ,  t he  thermal i n s u l a t i o n  weight  

50 l b s . ,  and t h e  thermal  energy s t o r a g e  system i s  30 l b s .  Hence t h e  

payload p l u s  o the r  equipment i s  about  3300 l b s .  

The payload e s t ima te  a l s o  i n c l u d e s  accesso ry  equipment such 

a s  b a t t e r i e s ,  power condi t ion ing  , command and c o n t r o l  , and a s s o c i a t e d  

s t r u c t u r e .  O r b i t  and a t t i t u d e  s t a b i l i z a t i o n  has  n o t  been accounted 

f o r  i n  t h i s  system a n a l y s i s ;  t he  necessary  hardware h a s  t o  be deducted 

from the 3300 l b .  payload ca l cu la t ed  here .  It  i s  conce ivable  t h a t  

r e s i d u a l  p r o p e l l a n t  could be u t i l i z e d  f o r  s t a t i o n  keeping,  thereby  

a l lowing  the  SOHR components t o  be used i n  con junc t ion  wi th  o r b i t  and 

a t t i t u d e  s t a b i l i z a t i o n .  Lis ted  below f o r  convenience i s  a summary of  

the  system performance c h a r a c t e r i s t i c s .  It should be noted t h a t  about  

39 pe rcen t  o f  the i n i t i a l  weight i s  "payload" d e l i v e r e d  t o  the 

synchronous o r b i t  by a r e l a t i v e l y  simple p ropu l s ion  system. I f  a 

s p e c i f i c  impulse of 500 sec.  had been used i n s t e a d  of 700 sec. then 

the  payload would be reduced t o  abou t  2200 l b s .  $ and the  t h r u s t i n g  

could be achieved by thermal recovery on ly ,  w i thou t  any  supe rhea t  i n  

the  c a v i t y .  Thus, f o r  abou t  a 30 percen t  payload r educ t ion  w e  can  
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bypass t h e  hydrogen d i f f u s i o n  problem, and o t h e r  c o m p l e x i t i e s  r e l a t e d  

t o  incorpora t ing  the s u p e r h e a t e r  i n  the c a v i t y  thermal energy  s t o r a g e  

compa r tmen t , 

TABLE 6-1 
SUMMARY OF SYSTEM PERFORMANCE CHARACTERISTICS 

Launch Vehicle  = Centaur  

Type C o l l e c t o r  = Electroformed Nicke l  9 112  f t .  d iameter  c o l l e c t o r  

Thermionic Generator  = EOS (16) d iode  g e n e r a t o r  

Number o f  Modules = Four ( 4 )  

Tota l  E l e c t r i c a l  Power output  = 2,200 wat t s  a t  3 v o l t s  (nominal) 
a t  t h e  synchronous o r b i t  

Tota l  t h r u s t  = 0.8 l b s .  

S p e c i f i c  impulse = 700 sec. 

I n i t i a l  t h r u s t  a c c e l e r a t i o n  = 0.95 x 10 g 

Mission time = 40 days 

I n i t i a l  weight  = 8,500 l b s .  

P r o p e l l a n t  weight  = 4,080 l b s .  

Mirror + suppor t  = 50 l b s .  x ( 4 )  = 200 l b s .  

Cavi ty  and Thermionic d iodes  = 15 l b s .  x ( 4 )  = 60 

-4 

Thermal Energy Storage 30 l b s  x ( 4 )  = 120 

Deployment mechanism = 15  l b s .  x ( 4 )  = 60 

LH Tank weight  2 

Meteoroid s h i e l d  weight  

Thermal i n s u l a t i o n  weight  

T o t a l  Fixed Weight 

N e t  Payload* ;=. 3300 l b s .  

Pa yloa d*/ i n  i t i a  1 w e  i gh  t = 0.39 

*Includes payload p l u s  accessory  equipment. 
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6.2 Pre l iminary  Design of Combined Cavi ty  Absorber f o r  24-Hr O r b i t  

A pre l imina ry  design o f  t he  combined c a v i t y  abso rbe r  f o r  a 

24 hour s a t e l l i t e  system was eva lua ted  a s  p a r t  of t he  s tudy .  

concept  shown i n  F igure  6-1 , i s  based on a c a v i t y  abso rbe r  

which i n t e g r a t e s  a s i x t e e n  (16) conve r t e r  thermionic  g e n e r a t o r ,  and a 

hydrogen h e a t  exchanger which r ecove r s  t h e  waste h e a t  r e j e c t e d  by t h e  

diode c o l l e c t o r s .  

power ou tpu t ,  the  diode c o l l e c t o r  reaches  temperatures  2 1000 K ,  thereby  

i n d i c a t i n g  the f e a s i b i l i t y  of h e a t i n g  hydrogen regenera t i v e l y  t o  

temperatures  approaching t h i s  l e v e l  w i t h  a s u i t a b l e  h e a t  exchanger. 

Expansion of hydrogen from t h i s  temperature  l e v e l  i s  e q u i v a l e n t  t o  a n  

a c t u a l  s p e c i f i c  impulse,  I = 500 sec. i n  space. Although n o t  shown 

i n  the  c r o s s  s e c t i o n  drawing of F igure  6-1 , a "superheater"  c o i l  of 

r e f r a c t o r y  tub ing  could be placed i n  the  thermal  s t o r a g e  ma t r ix  of  t he  

c a v i t y  t o  ach ieve  hydrogen gas tempera t u r e s  i n  the  range of  2000-2400°K, 

which would be e q u i v a l e n t  t o  an I = 700-750 sec. However, t h i s  
SP 

a d d i t i o n a l  f e a t u r e  r e q u i r e s  d e t a i l e d  des ign  t o  a s s u r e  c o m p a t i b i l i t y  

w i th  the  thermal energy s torage  m a t e r i a l  and the o t h e r  components i n  

the absorber .  Although the  performance i s  reduced a t  the  lower 

tempera tures ,  (w i thou t  superhea ter )  a d d i t i o n a l  f l e x i b i l i t y  i n  v e h i c l e  

des ign  i s  achieved s i n c e  t h e  lower temperature  gas can be ducted t o  

the  optimum l o c a t i o n  f o r  t h r u s t  v e c t o r  c o n t r o l .  

The des ign  

A t  t y p i c a l  o p e r a t i n g  cond i t ions  f o r  peak e l e c t r i c a l  
0 

SP 

The thermionic  genera tor  c o n s i s t s  o f  (16) conve r t e r s  mounted 

r a d i a l l y  on a h igh  conduc t iv i ty  c y l i n d r i c a l  s e c t i o n  t o  which the hydrogen 

h e a t  t r a n s f e r  c o i l s  a r e  brazed. The c o i l s  are enclosed by a removable 

h e a t  shroud which i n s u l a t e s  the h e a t  exchanger du r ing  r e g e n e r a t i v e  

ope ra t ion ,  and can be  d iscarded  f o r  thermionic  gene ra to r  o p e r a t i o n  only.  

During t h e  l a t t e r  mode of ope ra t ion ,  the  c o i l  and c y l i n d r i c a l  s e c t i o n  

( w i t h  s u i t a b l e  h igh  e m i s s i v i t y  coa t ing)  can f u n c t i o n  a s  a n  extended 

s u r f a c e  r a d i a t o r  f o r  t h e  waste h e a t  r e j e c t e d  by the d iode  c o l l e c t o r s .  

The c o l l e c t o r  of  each diode m u s t  be bonded s e c u r e l y  t o  the  c y l i n d r i c a l  

s e c t i o n  f o r  good h e m a l  conduc t iv i ty ,  b u t  must be e l e c t r i c a l l y  i s o l a t e d  

from the common ground to  permit  the  proper  s e r i e d p a r a l l e l  arrangement 
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of d iodes .  

as t h e  j o i n i n g  medium w i t h  a s u i t a b l e  metal-ceramic b raze  f o r  the f i n a l  

bond. The cesium r e s e r v o i r s  o f  each diode a re  al lowed t o  extend 

o u t s i d e  the  removable o u t e r  h e a t  shroud , thereby  c o n t r o l l i n g  temperature  

a t  380-400°C by main ta in ing  equ i l ib r ium between conduct ion down t h e  

tube walls and r a d i a t i o n  t o  space.  

This  f e a t u r e  can be provided by us ing  flame sprayed A l 2 O 3  

The inne r  walls of the  c a v i t y  abso rbe r  a r e  formed by the 

thermal energy s t o r a g e  matr ix  which i s  enclosed i n  a c o n t a i n e r  of  

tungsten-rhenium welded shee t  s tock .  A s  d i scussed  p rev ious ly ,  i t  i s  

a n t i c i p a t e d  t h a t  t h e  TES matr ix  w i l l  c o n s i s t  of a BeO-MgO compound, 

i n  the  form of small granules  coa ted  wi th  a material such a s  vapor  

depos i ted  tungsten and the  e n t i r e  mixture  w i l l  be compacted and 

s i n t e r e d  t o  ach ieve  h igh  dens i ty .  This  arrangement provides  s e v e r a l  

d e s i r a b l e  f e a t u r e s ;  containment of the TES material i n  z e r o  g r a v i t y ,  

improving the  e f f e c t i v e  thermal conduc t iv i ty  o f  the m a t r i x ,  f l e x i b i l i t y  

i n  forming t o  complex shapes,  and r e l a t i v e l y  h igh  s t a b i l i t y  du r ing  

thermal cyc l ing .  I n  the  example shown i n  F igure  6-1 , approximate ly  

30 l b s  of TES material has  been i n t e g r a t e d  i n  the  c a v i t y ,  s u f f i c i e n t  

f o r  about  6000 wat t -hrs .  o f  thermal s to rage  based on a 24 h r .  synchronous 

o r b i t .  Th i s  should be s u f f i c i e n t  f o r  f u l l  e l e c t r i c a l  ou tpu t  of the  

d iodes  a t  t hese  cond i t ions .  During the s u n l i g h t  p a r t  of t h e  o r b i t ,  the  

energy focused i n t o  the  cav i ty  i s  t rapped by successive rcfler t ions-  

abso rp t ion  oh the  c a v i t y  w a l l s  and subsequent conduct ion i n t o  the  TES 

material. Seve ra l  o t h e r  pre l iminary  des ign  concepts  w e r e  cons idered ,  

i nc lud ing  one i n  which the diodes rece ived  energy d i r e c t l y  by specu la r  

r a d i a t i o n  and thermal r e r a d i a t i o n  from the c a v i t y  w a l l s .  Although t h i s  

approach appears  f e a s i b l e  dur ing  the s u n l i g h t  p a r t  o f  t h e  o r b i t  , 
s e r i o u s  temperature  c o n s t r a i n t s  are placed on t h e  system dur ing  the  dark  

p a r t  o f  the cyc le .  

walls of the c a v i t y  t o  the  diodes,  from energy i n  t h e  TES material ,  

i n d i c a t e s  excess ive  temperature drops  (>SO0 C) would Occur ,  thereby 

making the approach imprac t i ca l .  

A s i m p l i f i e d  a n a l y s i s  of  the  r e r a d i a t i o n  from t h e  

0 

Therefore  , t h e  TES w a s  placed 
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between the c a v i t y  i n n e r  w a l l s  and t h e  d i o d e s ,  p rovid ing  a more 

uniform and c o n t r o l l a b l e  temperature  g r a d i e n t  t o  t h e  d iodes  d u r i n g  

a l l  phases of opera t ion .  I n  f a c t ,  the  b e s t  of  t h e  p r e s e n t l y  

a v a i l a b l e  o r  known TES m a t e r i a l s  impose a s e r i o u s  d e s i g n  c o n s t r a i n t  

on t h e  c a v i t y  c o n f i g u r a t i o n ,  p a r t i c u l a r l y  f o r  t h e  24 h r .  o r b i t  c a s e ,  

where t h e  d ischarge  o r  dark  c y c l e  i s  r e l a t i v e l y  long. (1.2 hours ) .  

The remainder of t he  c a v i t y  i s  enc losed  by t u n g s t e n ,  tantalum 

o r  moly f o i l  ( . O O l " )  r a d i a t i o n  s h i e l d i n g  t o  minimize thermal l o s s e s  

from the  s y s t e m .  Design o f  t h i s  s h i e l d i n g  i s  v e r y  c r i t i c a l  t o  t h e  

s a t i s f a c t o r y  o p e r a t i o n  of t he  c a v i t y .  S p e c i a l  t echniques  have been 

developed t o  "dimple" o r  c o r r u g a t e  t h e  f o i l  t o  provide  adequate  

s t a n d o f f  between l a y e r s  and approach the  f u l l  e f f e c t i v e n e s s  o f  t he  

m u l t i - l a y e r  s h i e l d  i n  vacuum. Analys is  h a s  i n d i c a t e d  t h a t  a b o u t  20-30 

l a y e r s  are  adequate  t o  prevent  excess ive  l o s s e s  from the o u t e r  s u r f a c e  

by r a d i a t i o n  t o  space.  

The pre l iminary  d e s i g n  concept was based on a m o d i f i c a t i o n  

of the basic d e s i g n  suggested by the  c r i t e r i a  i n  J.P.L. S p e c i f i c a t i o n  

No. W-34211-DTL da ted  1 Nov. 1963.  EOS i s  p r e s e n t l y  under c o n t r a c t  

t o  d e s i g n  a (16) c o n v e r t e r  s o l a r  energy thermionic  g e n e r a t o r  des igna ted  

SET 11, fo r  t h e  Jet  Propuls ion  Laboratory.  The system i s  based on t h e  

use of (16)  " i d e n t i c a l "  c o n v e r t e r s  o p e r a t i n g  w i t h  a n  i n p u t  of  6000 

w a t t s  thermal t o  t h e  genera tor  c a v i t y  i n  space a t  t h e  e a r t h ' s  d i s t a n c e  

from t h e  sun. I t  i s  a n t i c i p a t e d  t h a t  t h e  system w i l l  produce 400-600 

w a t t s  o f  e l e c t r i c a l  o u t p u t ,  depending on s p e c i f i c  o p e r a t i n g  c o n d i t i o n s .  

A s  d i s c u s s e d p r e v i o u s l y , i t  i s  a n t i c i p a t e d  t h a t  (4) modules w i l l  be 

capable  of provid ing  a b o u t  2200 watts o f  e l e c t r i c a l  o u t p u t  i n  a 24 h r .  

synchronous o r b i t  f o r  a power p l a n t  weight  o f  4 4 0  lbs .  T h i s  i s  

e q u i v a l e n t  t o  a power t o  weight  r a t i o  of 5.0 w a t t s / l b .  i n c l u d i n g  

energy s t o r a g e ,  which i s  a t  least  a f a c t o r  o f  two ( 2 )  improvement over  

convent ional  s o l a r  p h o t o v o l t a i c s  wi th  e l e c t r o c h e m i c a l  energy s t o r a g e .  
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7 .  M I S S I O N  STUDIES 

7 . 1  I n t r o d u c t i o n  

Due t o  i t s  s i m p l i c i t y  of des ign ,  p o t e n t i a l  h igh  r e l i a b i l i t y  

and reasonably high s p e c i f i c  impulse (500-800 sec.) , the SOHR-SET 

concept  appears  i d e a l l y  su i t ed  t o  the  t a s k  of p rov id ing  cont inuous t h r u s t  

and e l e c t r i c a l  power f o r  near-sun space mis s ions .  A space miss ion  of 

p a r t i c u l a r  i n t e r e s t  i s  t h a t  i n  which a probe i s  s e n t  t o  w i t h i n  approx i -  

mately 0 . 3  Astronomical Units from the  c e n t e r  o f  t h e  sun i n  o rde r  t o  

o b t a i n  d a t a  regard ing  the  atmosphere and su r face  o f  t he  s o l a r  body. 

I n  o rde r  t o  j u s t i f y  the  u s e  o f  a SOHR-SET f o r  t h i s  type o f  miss ion ,  

i t s  performance must be  compared wi th  t h a t  o f  c u r r e n t ,  o r  f o r e s e e a b l e ,  

p ropuls ion  devices .  

t he  o rd ina ry  chemical rocke t  and the ion  engine.  I n  t h e  chemical 

rocke t  the t h r u s t  i s  de l ivered  i n  a s i n g l e  impulse,  and i n  the  ion  and 

SOHR-SET systems the t h r u s t  a c t s  cont inuous ly  f o r  a presc r ibed  l eng th  

of  t i m e .  ) , s p e c i f i c  mass of the  power p l a n t  

(a) , and engine efficiency(-$ ,ass igned  t o  t h e  SOHR-SET and ion  engines  , 
are g iven  i n  Table 7 - 1  a long wi th  t h e  s p e c i f i c  impulse f o r  t h e  chemical  

rocke t .  

and does n o t  i nc lude  p a r t  o f  power p l a n t  used t o  gene ra t e  e l e c t r i c a l  

power f o r  o t h e r  than propuls ion purposes.  P = power d e l i v e r e d  t o  

r o c k e t  from power supply.  

Only two  such dev ices  are  cons idered  h e r e ,  namely, 

The s p e c i f i c  impulse (I 
SP 

Here, a = Nd/P, where Wd = mass of the  propuls ion  power p l a n t  

TABLE 7-1  
Engine Parameters  

SOHR-SET Ion Engine Chemical Rocket 

4000 sec. 400 s e c .  I 800 sec. 
SP 

4 lb/kw thermal  40 lb/kw e l e c t .  --- a 
n 0.6, 0.8 0.63 



The va lue  of a given f o r  t he  i o n  engine w i l l ,  presumably,  be achieved 

wi th  the SNAP-50 power p l a n t  (300 kw system). 

7 . 2  Analysis  

In o r d e r  t o  accomplish the d e s i r e d  miss ion  o f  p a s s i n g  w i t h i n  

t h r e e  t en ths  of  a n  Astronomical Uni t  from t h e  s u n ,  t h e  probe must f i r s t  

escape from t h e  e a r t h .  For t h e  i o n  engine  and t h e  SOHR-SET engine  t h e  

s p a c e c r a f t  i s  placed i n t o  a park ing  o r b i t  of 1 AU a b o u t  t he  sun ,  and 

the i o n  and SOHR-SET engines  then a c t  on i t  t o  slow i t  down and s p i r a l  

i t  towards the sun. The chemical rocke t  i s  cons idered  f o r  t h e  c a s e  

where i t  i s  launched from the  parking o r b i t  a t  1 AU and f o r  the case 

where i t  i s  launched from a 300 n m park ing  o r b i t  above t h e  e a r t h .  

In the c a s e  of  t h e  chemical r o c k e t ,  a s i n g l e  impulse i s  

a p p l i e d  t o  the probe, i n  a d i r e c t i 0 n ; o p p o s i t e  t o  i t s  motion, such t h a t  

t he  r e s u l t i n g  e l l i p s e  has  a p e r i h e l i o n  d i s t a n c e  e q u a l  t o  0.30 AU. 

Refer t o  Fig. 7-1. The change i n  v e l o c i t y  requi red  t o  produce t h i s  

e l l i p s e  i s  AV = 31,300 f t / s e c .  

park ing  o r b i t  1 AU from t h e  sun,and 22,300 f t l s e c .  f o r  t h e  case  where 

i t  i s  launched from a park ing  o r b i t  300 n m above t h e  e a r t h .  

i f  t h e  s p a c e c r a f t  i s  launched from a 

I f  w e  assume that t h e  v e h i c l e  i s  a s i n g l e  s t a g e  r o c k e t ,  then  

the  payload p l u s  s t r u c t u r e  f r a c t i o n  d e l i v e r e d  a l o n g  the e l l i p s e  i s  

-nv/ ( Is,g> MI, + Ms = e  = 0.08716, 0.1765 r e s p e c t i v e l y  f o r  t h e  M 
, o  

1 AU and 300 nm parking o r b i t s  where 

% = payload 

M = s t r u c t u r e  
S 

M = i n i t i a l  mass of v e h i c l e  (5 + M + MP) 

M = t o t a l  p r o p e l l a n t  

0 S 

P 
The t i m e  taken t o  reach p e r i h e l i o n  i s  95.5 days ,  which i s  h a l f  the 

per iod  of  t h e  e l l i p s e .  
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I n  o rde r  f o r  the SOHR-SET, o r  i o n  engine ,  p rope l l ed  v e h i c l e  

t o  f a l l  toward the sun,  energy m u s t  be  removed from the  i n i t i a l  o r b i t  

ove r  a n  extended per iod of t i m e .  A simple and e f f i c i e n t  way o f  removing 

t h i s  energy i s  to  main ta in  t h e  t h r u s t  i n  t he  plane of t h e  i n i t i a l  o r b i t ,  

perpendicular  t o  the r a d i u s  vec to r  from the  sun t o  t h e  probe, i n  a 

d i r e c t i o n  oppos i t e  t o  the probe's motion, r e f e r  t o  Fig.  7-2a. I n  o r d e r  

t o  minimize the expendi ture  of p r o p e l l a n t ,  and thereby  maximize the  

d e l i v e r e d  payload, the t h r u s t  i s  terminated a t  the  moment when the 

p e r i h e l i o n  of t h e  subsequent c o a s t  e l l i p s e  equa l s  the  d e s i r e d  0.30 AU. 

Refer  t o  Fig.  7-3. For cons t an t  t h r u s t ,  i.e., c o n s t a n t  p r o p e l l a n t  

flow r a t e  and cons t an t  s p e c i f i c  impulse,  t he  power supply and p r o p e l l a n t  

f r a c t i o n s  a r e  g iven ,  r e s p e c t i v e l y ,  4s follows: 

M I  F 

M 45.8 q g  M 
w s p  

0 0 

- =  

where F = t h r u s t ,  tl = t i m e  of power f l i g h t ,  g 

payload p l u s  s t r u c t u r e  f r a c t i o n  i s  

32 f t / s e c . 2  The 

I f  the SOHR-SET takes f u l l  advantage o f  t h e  sun ' s  r a d i a t i o n ,  

then the power d e l i v e r e d  by the s o l a r  concen t r a to r  t o  t h e  engine w i l l  

va ry  f a s t e r  than  the  i n v e r s e  o f  t h e  square  of t h e  d i s t a n c e  of the  probe 

from the  sun,  i . e . ,  P - L]r r e p r e s e n t s  a rate o f  power gene ra t ion  which 

i s  less than the  maximum and a t  0.3 AU w i l l  be on ly  approximately 70 

pe rcen t  o f  the  t r u e  value.  The e s t i m a t i o n  P - llr i s ,  however, 

adequate  f o r  the  a n a l y s i s ,  and as  f a r  a s  miss ion  t i m e  i s  concerned w i l l  

g ive  e s t i m a t e s  which are  very c l o s e  t o  the  a c t u a l  v a l u e s  f o r  t h e  

maximum t h r u s t  case. 

p r o p o r t i o n a l  t o  P ,  F - l j r  

2 

2 

Having assumed P - lJ r2,  then s i n c e  F i s  
2 o r  

( 7 -4) 2 
F = Fo (ro/r) 
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2 
where r = 1 AU. Since M remains c o n s t a n t  d u r i n g  f l i g h t ,  F = Fo(r/ro) . 
The p r o p e l l a n t  mass f r a c t i o n  i s  

0 W 

given by ( 7 - 5 ) .  

The equat ions of motion ( i n  two dimensions o f  t h e  probe i n  t h e  

g r a v i t a t i o n a l  f i e l d  o f  t he  sun were programmed on a n  I B M  1620 computer. 

T r a j e c t o r i e s  were s imulated f o r  v a l u e s  o f  i n i t i a l  t h r u s t  a c c e l e r a t i o n ,  

a i n  the range,  10 g 5 a. 5 g. The method o f  propuls ion  

(SOHR-SET o r  ion engine) was c h a r a c t e r i z e d  by the  parameters  I and 

a, t h e  former appearing i n  the equat ions  o f  motion,  and t h e  l a t t e r  

occur ing  only i n  equat ion  ( 7 - 1 ) .  

i on  engine  and SOHR-SET and v a r i a b l e  t h r u s t  (equat ion  7-4) f o r  t he  

SOHR-SET. 

i . e . ,  a c i r c u l a r  o r b i t  about  the sun wi th  rad ius  e q u a l  t o  1 AU. 

-5  
0, 

SP 

Cons tan t  t h r u s t  was used f o r  b o t h  

The i n i t i a l  c o n d i t i o n s  were the same f o r  a l l  t r a j e c t o r i e s ,  

Figures  7 - 3  and 7 - 4  show t h e  t i m e  of power f l i g h t  and d i s t a n c e  

o f  t h e  probe from the sun a t  t h e  i n s t a n t  o f  t h r u s t  t e rmina t ion ,  

r e s p e c t i v e l y ,  a s  a f u n c t i o n  of a f o r  t h e  above t h r e e  engines .  From 

Fig.  7 - 3  we s e e  t h a t  f o r  a given v a l u e  of a t h e  powered f l i g h t  t i m e  

i s  l o n g e s t  f o r  t h e  i o n  engine and s h o r t e s t  f o r  t h e  SOHR-SET v a r i a b l e  

t h r u s t ,  a s  t o  be expected. Figure 7 - 4  shows t h a t  t h e  i o n  engine i s  

c l o s e s t  t o  t h e  sun,  and the SOHR-SET v a r i a b l e  t h r u s t  the f a r t h e s t ,  a t  

t he  i n s t a n t  o f  t h r u s t  t e rmina t ion ,  f o r  a g iven  va lue  of a . 

0’ 

0’ 

0 

Figure 7 - 5  shows t h e  power p l a n t  mass f r a c t i o n  a s  a f u n c t i o n  

of i n i t i a l  t h r u s t  a c c e l e r a t i o n  f o r  t h e  SOHR-SET and i o n  engines .  The 

mass f r a c t i o n  f o r  t he  i o n  engine e q u a l s  u n i t y  a t  a = 1.81 (10 ) g. 

The p r o p e l l a n t  mass f r a c t i o n s  a r e  shown i n  Fig.  7 - 6 .  Note t h a t  t h e  

chemical rocket  consumes more p r o p e l l a n t  than e i t h e r  low t h r u s t  d e v i c e ,  

f o r  a > 5 x g. 

-4 
0 

0 

4 0 0 0  -Fina 1 

i 

2 M r  
P = L  - 
Mo Ispg Mo Fo s:’ ( 7 - 5 )  

and t h e  payload p l u s  s t r u c t u r e  i s  given by ( 7 - 3 ) ,  where M jM i s  now 
P O  

10 6 
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Employing equ. ( 7 - 3 ) ,  w e  o b t a i n  t h e  payload ( p l u s  s t r u c t u r e )  

mass f r a c t i o n s  shown i n  Fig.  7 - 7 .  S ince  Mw/Mo = 1 a t  a = 1.4 (10 ) g  

f o r  t h e  i o n  engine,  t h e r e f o r e  the  payload f r a c t i o n  i s  z e r o  beyond t h i s  

value o f  aO.  

SOHR-SET i s  s u p e r i o r  t o  t h e  i o n  engine  f o r  l a r g e  t h r u s t  a c c e l e r a t i o n s ,  

ar:d i n f e r i o r  f o r  s m a l l  a t he  c rossover  p o i n t  be ing  a t  approximately 

a = 8(10 ) g .  Note t h a t  the payload d e l i v e r e d  by the SOHR-SET v a r i a b l e  

t h r u s t  (eq. 7-4) i s  g r e a t e r  than  t h a t  d e l i v e r e d  by the  SOHR-SET 

c o n s t a n t  t h r u s t  on ly  f o r  small  va lues  o f  a i .e. ,  a < 10 g. The 

maximum payload f r a c t i o n  f o r  t h e  chemical r o c k e t  i s  g e n e r a l l y  l ess  than 

t h a t  of e i t h e r  the SOHR-SET o r  i o n  engine.  

-4 
0 

Judging from F ig .  7-7, the payload c a p a b i l i t y  of t he  

0’ -5  
0 

-4 
0’ 0 

Equally important  a s  t he  d e l i v e r e d  payload i s  t h e  t i m e  r e q u i r e d  

t o  perform the mission.  The t o t a l  m i s s i o n  t i m e  i s  t h e  t i m e  of  powered 

f l i g h t  (Fig.  7-3) p l u s  the time taken t o  go from t h e  p o i n t  o f  t h r u s t  

t e rmina t ion  to  t h e  p e r i h e l i o n  of  t h e  c o a s t  e l l i p s e  r e f e r  F ig .  7-2(b). 

Figure 7-8 shows the  t o t a l  miss ion  t i m e  a s  a f u n c t i o n  of  a f o r  t h e  

t h r e e  engines.  Note t h a t  t he  mission t i m e s  f o r  t h e  SOHR-SET a r e  

s i g n i f i c a n t l y  l e s s  than  those f o r  the i o n  engine  i n  t h e  reg ion  a < 10 g. 

However, t h i s  i s  t h e  reg ion  i n  which the  i o n  engine  d e l i v e r s  t he  

l a r g e r  payload f r a c t i o n .  C l e a r l y ,  a compromise must be  made between 

payload and mission t i m e .  

0 

-4 
0 

Having e s t a b l i s h e d  t h e  probe i n  a n  e l l i p t i c a l  o r b i t  about  

t he  sun,  i t  i s  of i n t e r e s t  t o  know t h e  p r o p e r t i e s  of t h i s  o r b i t .  Two 

important  p r o p e r t i e s  a r e  the per iod (T) and a p h e l i o n  ( r a )  of  t h e  

e l l i p s e .  These a r e  shown i n  Figs .  7-9 and 7-10 r e s p e c t i v e l y .  From 

Fig.  7-10 we see t h a t  t he  probe w i l l  r e t u r n  t o  t h e  e a r t h ‘ s  o r b i t  

(ra = 1) only i f  t h e  v e h i c l e  was p r o p e l l e d  by t h e  SOHR-SET a t  i n i t i a l  

t h r u s t  a c c e l e r a t i o n s  exceeding 2( 10 -4 
) g.  

7.3 Conclusions on S o l a r  Probe Mission 

The SOHR-SET (def ined i n  Table  1) i s  compet i t ive  w i t h  t h e  

i o n  engine(def ined i n  Table 7-1) in  both  payload and m i s s i o n  t i m e ,  f o r  

the s o l a r  probe miss ion ,  The i o n  engine cannot  d e l i v e r  a payload 

4000-Final  110 



0.5 

0.4 

t n x  
U.3 

MS+ML 

M o  0.2 

0. I 

0 

I I ' l l ; '  ! 1 ' I ' I 1  ' NOTE: FOR CHEMICAL ROCKE' 

MO PARK1 N G ORBIT 

ION ENGINE - Ms+ML =.m, FOR 300nm 

= .067, FOR I A U  
PARKING ORBIT 

\ 

, - ~ O H R - S E T ,  F=CONSTANT 
I i 1 I I l l !  1 I I 1 I 1  

 IO-^ IO- 1 0 ' ~  

FIG. 7 - 7  PAYLOAD PLUS STRUCTURE MASS FRACTION VS INITIAL 
THRUST ACCELERATION 

4000 - F i  na 1 
I 
I 

111 

, 



I O 0  

NOTE: FOR CHEMICAL ROCKET TIME =97 DAYS 
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-4 a t  i n i t i a l  t h r u s t  a c c e l e r a t i o n s  exceeding a = 1.4 x 10 g ( r e f e r  

Fig.  7-7) ,  and a l though the  payload f r a c t i o n  of th2 SOHR-SET i s  less 

than  t h a t  of the ion  engine f o r  a < 1.4 x 10 g, the  miss ion  t i m e s  o f  

the  SOHR-SET are s i g n i f i c a n t l y  less than those  o f  the  ion  engine f o r  

t h i s  range of a . For t h r u s t  a c c e l e r a t i o n s  less than  10 g ,  the  

v a r i a b l e  t h r u s t  (F -l/r ) SOHR-SET d e l i v e r s  a g r e a t e r  payload and 

provides  s h o r t e r  miss ion  t i m e s  than the c o n s t a n t  t h r u s t  SOHR-SET, 

b u t  the i n c r e a s e  i n  payload i s  n o t  a s  impressive a s  the  decrease  i n  

miss ion  time. Both ion  engine and SOHR-SET a r e  s u p e r i o r  t o  the  chemical 

r o c k e t  

However, i t  Ehould be noted tha t  power requirements  (exc luding  

cond i t ion ing  equipment) w i l l  be a v a i l a b l e  a t  approximate ly  40 lb/kw 

f o r  the  SOHR-SET system, and a t  200 lb/kwe f o r  t he  chemical system; 

assuming s o l a r - c e l l s  a r e  used with the  l a t t e r ,  S ince  the power 

cond i t ion ing  equipment r equ i r enen t  w i l l  be approximate ly  the same f o r  

both systems, the t r u e  payload advantage o f  the SOHR-SET w i l l  probably 

be even more favorable .  

0 

-4 
0 

-4 
2 0 

i n  "pzyload" c a p a b i l i t y ,  b u t  a r e  i n f e r i o r  i n  miss ion  t i m e .  

7.4 SOHR-SET f o r  Synchronous and Lunar O r b i t  Missions 

Th i s  p a r t  o f  t h e  study cons ide r s  t r a n s f e r  from a 300 n. m 

o r b i t  t o  a synchronous o r b i t  i n  d e t a i l ,  and a l s o  cons ide r s  t r a n s f e r  

t o  the  luna r  c x b i t ,  b u t  on ly  t o  t h e  e x t e n t  o f  de te rmining  the  
. .  

-e-- ulaAi~L*~~l i ~ ~ i t T s : -  cLr. .ne L l , L U = C  cALCGICLULL"LA ---e *r-+-<n- U y y A I ~ ' " " L C  n r . n l i m n h l e  tG such Zlissiccs. 

Graphs f o r  the  SOHR-SET a re  p l o t t e d  w i t h  two va lues  of  engine  

( t h r u s t o r )  e f f i c i e n c y  (7 = 0.6, 0.8) t o  f a c i l i t a t e  e x t r a p o l a t i o n  

of r e s u l t s  which may be  of  i n t e r e s t  due to  t h e  v a r i a b l e  n a t u r e  of 

engine e f f i c i e n c i e s  t h a t  w i l l  be encountered.  

r e s u l t  from the  range of t h r u s t  and payloads which w i l l  be cons idered  

i n  due course.  Ear l ie r  i n  t h i s  s tudy  (Sec.  3.3) t he  dependence o f  

nozz le  energy e f f i c i e n c y  on t h r u s t  w a s  analyzed and p l o t s  were 

presented .  For  s p e c i f i c  impulses below 800 secs .  t he  f rozen  flow 

e f f i c i e n c y  f o r  t h e  SOHR-SET system may be regarded as equa l  t o  

These v a r i a t i o n s  
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u n i t y ,  and f o r  a l l  p r a c t i c a l  purposes  7 = qN. 

c o r r e c t  value of q m y  be es t imated  from Sec. 3.3,and the  curves  

i n  t h i s  s e c t i o n  u s e d  accord ingly .  

The re fo re ,  t he  

If low t h r u s t  i s  the  primary means o f  p ropu l s ion  f o r  a 

space veh ic l e  , then f o r  o r b i t - l i f t i n g  miss ions  above the  e a r t h  

the v e h i c l e  m u s t  i n i t i a l l y  be placed i n  a low e a r t h  o r b i t  by a 

chemical rocke t  s i n c e  the  low t h r u s t  i s  incapable  of  l i f t i n g  t h e  

v e h i c l e  from the e a r t h ' s  su r f ace .  Once e s t a b l i s h e d  i n  a n  o r b i t  

the  l o w  t h r u s t  engine can begin t h r u s t i n g  tangent  t o  the  o r b i t ,  

i n  the d i r e c t i o n  of motion, thereby adding  energy to  the  o r b i t  and 

caus ing  the v e h i c l e  t o  move outwards i n  e v e r  i n c r e a s i n g  s p i r a l s .  

The engine t h r u s t s  cont inuous ly  u n t i l  the  v e h i c l e  reaches  the  

d e s i r e d  ollrbit a l t i t u d e ,  e.g. , the synchronous o r b i t  a l t i t u d e .  

A t  t h i s  time, the v e h i c l e  has  a s i g n i f i c a n t  r a d i a l  v e l o c i t y ,  due 

t o  i t s  motion outward from t h e  e a r t h .  Hence, i n  o rde r  t o  nega te  

t h i s  r a d i a l  v e l o c i t y  and p lace  the  v e h i c l e  i n  the synchronous o r b i t ,  

a n  appropr i a t e  Av m u s t  be app l i ed  t o  the  s a t e l l i t e .  This  incrementa l  

v e l o c i t y  may be imparted by a chemical r o c k e t  o r  by t h e  SOHR-SET 

system. However, i n  s tudying  t h e  performance of the SOHR-SET f o r  

the synchronous o r b i t  mi s s ion ,  w e  s h a l l  n e g l e c t  t he  a p p l i c a t i o n  of 

t h i s  f i n a l  o r b i t a l  c o r r e c t i o n  and cons ider  t h e  mission t o  be 

completed when the v e h i c l e  a t t a i n s  the  synchronous o r b i t  a l t i t u d e  

(19,360 n.m) . 

1 

A measure of  the  SOHR-SET performance i s  t h e  amount o f  

payload which i t  can t r a n s p o r t  from a low e a r t h  o r b i t  t o  the 

synchronous o r b i t .  L e t  M be the  mass of the  v e h i c l e  i n  the  

i n i t i a l  e a r t h  o r b i t  c o n s i s t i n g  of t he  payload M1, the  v e h i c l e  

s t r u c t u r e  M the  power p l a n t  M and the r equ i r ed  p r o p e l l a n t  M . 
Then we can w r i t e  

0 

S' W P 

4000 -Fina 1 
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where w e  have combined Ms wi th  M 

va lue  t o  the  s t r u c t u r e .  Here, 

i n  o r d e r  t o  avo id  a s s i g n i n g  a 1’ 

2,- tl - F 

0 Ispg Mo 

M I U  

M 45.8 q g  M 
w = s p  F 

0 0 

(7-7) 

(7-8) 

where F = t h r u s t ,  tl = t i m e  of f l i g h t  from i n i t i a l  o r b i t  t o  

synchronous o r b i t ,  I 

e f f i c i e n c y ,  a = s p e c i f i c  mass of the  power p l a n t  (ibjkwj and 

= s p e c i f i c  impulse (sec) ,  q = engine energy 
SP 

2 g = 32 f t / s e c  . Values can be a s s igned  t o  I a, q and F/Mo, 
SP’ 

b u t  the equa t ions  of motion of t h e  v e h i c l e  must b e  i n t e g r a t e d  i n  

o rde r  t o  determine t The equat ions  of motion i n  two dimensions 

a re: 
i’ 

.. ‘2  K r = r O -  
r 

2 -  F I d  ( r  0 )  = y r d t  

(7 -9a) 

(7-9b) 

where r ?  4 a r e  the  p o l a r  coord ina te s  of t he  v e h i c l e  

K the  g r a v i t a t i o n a l  c o n s t a n t  of t h e  e a r t h  (14.1 x l O I 5  f t  /set.), 

F the  t h r u s t  and M t h e  veh ic l e  mass. For s i m p l i c i t y ,  t h e  

cont inuous t h r u s t  F i s  maintained pe rpend icu la r  t o  t h e  r a d i u s  

v e c t o r ,  r. r and F a r e  always i n  t h e  p l ane  t h a t  o r i g i n a l l y  inc luded  

t h e  park ing  o r b i t .  For i n i t i a l  c o n d i t i o n s  w e  u s e  t h e  f a c t  t h a t  t h e  

v e h i c l e  is o r i g i n a l l y  i n  a c i r c u l a r  park ing  o r b i t .  For convenience 

3 2 

4 

4 4  .-) 

set O(o) = 0. 
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Rather than  i n t e g r a t i n g  e q s .  ( 7 - h )  and (7-9b) on a d i g i t a l  computer, 

w e  s h a l l  ob ta in  a n  approximate a n a l y t i c  s o l u t i o n  by u t i l i z i n g  t h e  

f a c t  t h a t  the r a d i a l  a c c e l e r a t i o n  i s  v e r y  small .  S ince  t h e  r a t i o  ,. 
-3 

F/M w i l l  be extremely small  (-10 g o r  less) f o r  a l l  t he  engines  

cons idered ,  t he  o r b i t a l  s p i r a l s  w i l l  be very  n e a r l y  c i r c u l a r  a s  

t h e  v e h i c l e  moves away from the  e a r t h  e x c e p t  f o r  t h e  case  where 

escape i s  imminent. We s h a l l  t h e r e f o r e  assume t h a t  = 0. Then 

eq.  (7-9a) g ives  r @ = (Kr) 'I2, so t h a t  eq. (7-9b ) becomes 
2' 

L k  - = -  
2 ( r3)112 dr d t  M 

(7-10) 

W e  a l s o  assume t h a t  t he  p r o p e l l a n t  flow r a t e  i s  c o n s t a n t  ( c o n s t a n t  

t h r u s t )  s o  t h a t ,  M = M - - 
g 

fol lowing i n t e g r a  t ion:  

t ,  . Hence, w e  can perform t h e  F 
0 1  

(7-11) s1j2 f - d r  
2 

- f aodt 
r3/2 - sot r 0 1 - -  

I spg 0 

where, a = F/M = i n i t i a l  t h r u s t  a c c e l e r a t i o n .  Performing t h e  

i n t e g r a t i o n  g i v e s  
0 0 

(7 -12) 

Solv ing  fo r  t w e  f i n a l l y  have 

(7-13) 
I g  

t=--S-E 1 - e  
a 
0 

L e t  rl - R ( R  = r a d i u s  of e a r t h )  = synchronous o r b i t  a l t i t u d e ,  and 

t t h e  f l i g h t  t i m e  between r and r S u b s t i t u t i n g  (7-13) i n  (7-7 ) 
0 1' 

(7-14) 
0 
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The t i m e  dependence O f  M /M on a i s  probably weak, s i n c e  eq.  (7-14) 

which i s  a good approximation t o  M /M - shows t h a t  t h i s  r a t i o  i s  

independent of  a . For the  purpose of t h e  s tudy ,  w e  s h a l l  assume 

t h a t  ro - R = i n i t i a l  o r b i t  a l t i t u d e  = 300 n.mi. F igure  (7-11) 

shows the  p l o t  of  M ]M vs .  s p e c i f i c  impulse,  I obta ined  from 

eq. (7-14) f o r  the  SOHR-SE? Arc J e t  and Ion  Engine.  

included the  a r c  j e t  and i o n  engine i n  the  s tudy  f o r  purposes  of 

P O  0 

P O  

0 

P O  SP 
We have 

compa r i  son. (See Table 7-2) .  

. TABLE 7-2  

PROPELLANT MASS RATIOS 

M T.=- 

SOHR 600 0.538 

800 0.440 

Arc J e t  1200 0.320 

Ion  

Chemical 300 0.73 
Engine 4000 0,110 

~ 

Before proceeding to the  c a l c u l a t i o n  of Mw/Mo and 

(M1 + Ms) /Mo,  w e  m u s t  examine f u r t h e r  the  l i m i t a t i o n  of eq.  (7-9a) .  

This  equa t ion  i s  v a l i d  a s  long a s  the  o r b i t a l  s p i r a l s  a r e  n e a r l y  

c i r c u l a r .  However, i t  i s  poss ib l e  that  the  v e h i c l e  may reach 

escape (from the ea r th )  v e l o c i t y  be fo re  a r r i v i n g  a t  the synchronous 

a l t i t u d e ,  which means t h a t  the f l i g h t  pa th  w i l l  cease  t o  be 

c i r c u l a r  and eq. (7-10) w i l l  no longe r  be v a l i d .  I t  i s  of i n t e r e s t  

then t o  know the  approximate a l t i t u d e  a t  which escape  occurs .  This  

i s  obta ined  by equa t ing  the  vehic le  v e l o c i t y  v t o  the  escape  v e l o c i t y  

v where v = (i2 + r2 i2)'j2 and v e = (2k/r)112. Thus, 
e '  

4000 -Final. 
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0 
0 
0 
P 

0 
0 
0 

0 

-- 
d W  
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combining eqs. (7-10) and (7-13) y i e l d s  

d r  
d t  

(7-16) 
. .  

Also ,  when 'i - 0 ,  eq. q-94 gives r6 = (k / r ) ' l2 .  

and eq. (7-16)in eq.  (7-15), we obta in  the fol lowing,  

S u b s t i t u t i n g  t h i s  

-- - 

k - -  1 /L  1 -pi (7-17) 
0 2 e I g r o  SP 'e ' 

e 

a = -  
2 r  e where w e  have replaced r wi th  the escape r a d i u s ,  r . I t  i s  

apparent  t h a t  eq.  (7-17)must be solved g r a p h i c a l l y  f o r  r . 
r a t h e r  than so lve  (7-17) f o r  r w e  s h a l l  merely l e t  r be the 

r ad ius  o f  the synchronous o r b i t  and o b t a i n  a graph of a v s  

s p e c i f i c  impulse,  I Refer t o  Fig.  (7-12) .  For genera l  i n t e r e s t ,  

we have also generated a s imi l a r  p l o t  f o r  t he  1 U M r  o r b i t ,  by 

l e t t i n g  r be the r ad ius  of t h i s  o r b i t  (207,400 n.mi.). For a given 

I 

a '  f o r  the  synchronous o r  lunar o r b i t  a l t i t u d e ,  i .e.,  the i n i t i a l  

t h r u s t  a c c e l e r a t i o n  which w i l l  cause the v e h i c l e  t o  escape a t  t h i s  

a l t i t u d e .  The q u a n t i t y  a '  represents  the maximum permissable  a 

f o r  a given o r b i t  a l t i t u d e ,  s ince any a 

the  veh ic l e  t o  reach escape ve loc i ty  before  a r r i v i n g  a t  t h i s  a l t i t u d e .  

For values  of a less than a ' .  the v e h i c l e  w i l l  reach escape v e l o c i t y  

beyond the des i r ed  a l t i t u d e .  

t h a t ,  f o r  a given I 

l a r g e r  than t h a t  f o r  t he  l u n a r  o r b i t .  

a '  taken from Fig.(7-12) f o r  the SOHR-SET a r c  j e t  and i o n  engine.  

However, e 

e '  e 

0 

SP' 

e 
, Fig. (7-12) determines the " c r i t i c a l "  i n i t i a l  t h r u s t  a c c e l e r a t i o n  

SP 

0 

0 0 

l a r g e r  than a: w i l l  cause 
0 

0 0' 

A s  t o  be expected,  Fig. (7-12) shows 

the ah fo r  the synchronous o r b i t  i s  cons iderably  
SP 

Table  (7-3) shows va lues  of 

0 
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TABLE 7-3 

CRITICAL INITIAL THRUST ACCELERATION 

SOHR-SET A r c  J e t  I o n  Engine 

a 4 lb/kwt 40 lb/kwe 40 lb/kwe 

, 7 0.60,0.80 0.60 0.60 
> 

a '  
0 

a '  
0 I 

Engine ; IgD(sec )  Syn.Orbit Lunar Orbi t 1 
S OHR - S ET 5.33 10-3g , 4.45 10-54 

I 800 6.45 10-3g , 5.90 10-54 

4 Arc J e t  1200 7.83 10-3g 7.80 10-5 
Ion  I 

Engine 4000 1.02 io-zg 1.15 10-44 

600 
I 

Recognising the i imi ta  t i o n  of eq.  (7-10) , w e  how proceed 

t o  determine M /M from eq .  (7-8). Table (7-4) shows the va lues  

of  0. and q se l ec t ed  fo r  the three engines .  
w 0 

TABLE 7-4 

POWER PLANT SPECIFIC WEIGHT AND THRUSTOR EFFICIENCY 

A r e a l i s t i c  range of i n i t i a l  t h r u s t  a c c e l e r a t i o n s  f o r  t hese  th ree  

engines  i s  10 g 5 a < 10 g. Fig.(7-13) shows Mw/M 0 vs a 0 f o r  the  

SOHR-SET a r c  j e t  and ion  engine. The do t t ed  l i n e  on the f a r  r i g h t ,  

a t  which the curves f o r  the SOHR-SET a r e  terminated,  r ep resen t s  the 

va lues  of a' shown i n  Table 7-3 f o r  t he  synchronous o r b i t .  For va lues  

of a - t o  the r i g h t  of t h i s  l i n e ,  the v e h i c l e  w i l l  escape before  

reaching the synchronous a l t i t u d e ,  and hence these values  a r e  n o t  

permissable.  

-6 -2  
0 -  

0 

0 

The do t t ed  l i n e  on the l e f t  r e p r e s e n t s  t he  va lues  of a: 
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1 
R 
I 
I 
8 
8 
8 

I 
1 
I 
1 
t 
8 
1 
I 
I 
1 
8 

a 

shown on Table 7-3 For t h e  lunar o r b i t .  Note t h a t  t h e  p e r m i s s i b l e  

va lues  o r  a f o r  t h i s  o r b i t  a r e  less than  approximately 10 . (This  

can a l s o  be seen  i n  Table  7-3. 

-4 
0 g 

S u b s t i t u t i n g  t h e  values  oi M /M from Table  7-2 and M /M P O  w o  
from Fig .  7-13 i n  eq .  (7-6) ,  w e  f i n a l l y  o b t a i n  F i g .  7-14, which SIIOWS 

t h e  payload p l u s  s t r u c t u r e  mass r a t i o  vs a f o r  t h e  SOHR-SET, arc  j e t  

and i o n  engine.  

f r a c t i o n  a t  about  a = and that t h i s  payload r a t i o  is  c o m p e t i t i v e  

w i t h  t h e  payload r a t i o s  d e l i v e r e d  by t h e  a r c  j e t  and i o n  engine.  Due 

to  the  l a r g e  power p l a n t s  requi red  by t h e  a r c  j e t  and i o n  engine f o r  

a > ( r e f .  F i g .  7-13) these  engines  a r e  unable  t o  d e l i v e r y  a pay- 

LUQU to the synchronous o r b i t  a t  i n i t i a l  t h r u s t  a c c e l e r a t i o n s  above 

Note t h a t  the SOHR-SET d e l i v e r s  maximum payload mass 

0 g 

0 g 
> - - A  

4 x and 1 . 5  x loe4 ,  r e s p e c t i v e l y .  
g g 

Also given i n  F i g .  7-13 i s  t h e  payload p l u s  s t r u c t u r e  mass 

r a t i o  f o r  t h e  chemical rocket (I = 300 see.);  (M1 + Ms)/Mo = 0.2725. 
SP 

w e  can compute t h e  miss ion  times f o r  t h e  t h r e e  engines .  These a r e  

shown i n  F i g .  7-15. Note the r e l a t i v e l y  s h o r t  f l i g h t  t i m e s  f o r  

a > which i s  a t t a i n a b l e  by t h e  SOHR-SET. Although t h e  a rc  

j e t  and i o n  engine can d e l i v e r  l a r g e r  payloads than  t h e  SOHR-SET t h e  

t i m e  t aken  t o  perform t h e  mission w i l l  be  s i g n i f i c a n t l y  l a r g e r  than  

t h a t  of t h e  SOHR-SET. It should be noted t h a t  t h e  minimum t r a n s i t  

t i m e s  f o r  f i n i t e  payload mass r a t i o s  a r e  t > 35 days f o r  t h e  i o n  

e n g i n e ,  and t > 12 days fo r  t h e  a rc  j e t .  

mention t h a t  t h e  e lec t r ic  t h r u s t o r s  cannot d e l i v e r  a f i n i t e  payload t o  

t h e  synchronous o r b i t  i n  less t h a n  about  a 30-40 day t rans i t  t i m e .  

Futhermore, t h i s  i s  a l s o  dependent on t h e  use of a 40 lb/kw - 300 kw 

t y p e  of n u c l e a r - e l e c t r i c  system which p l a c e s  a mintmum s i z e  on t h e  

system, below which it is  n o t  f e a s i b l e .  

By l e t t i n g  r = r ad ius  of synchronous o r b i t  i n  eq.  7-13 ,  

0 -  g 

1 
It i s  a l s o  s i g n i f i c a n t  t o  1 

e 
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